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Backache  and  back  discomfort  in  aircrew  are  serious  economic  and  operational  problems  for  many  armed  services. 
Temporary  back  discomfort  may  distract  aircrew  personnel  and  compromise  the  success  of  a  mission,  while  chronic  back 
pain  may  effectively  remove  them  from  active  duty  and  require  expensive  treatment.  Pilots  of  both  helicopters  and  fixed- 
wing  aircraft  have  often  reported  that  both  temporary  and  chronic  pain  appear  during  active  flight  duty.  In  the  past, 
investigators  have  suggested  that  both  the  seated  posture  of  aircrew  and  the  vibration  or  shock  transmitted  by  the  seat  during 
flight  may  be  responsible  for  the  pain. 

The  objective  of  this  Specialists'  Meeting  was  to  bring  those  who  had  investigated  the  possible  mechanical  causes  of 
backache  in  both  the  civilian  and  military  ground-vehicle  and  aircraft  environments  together  to  consider  the  common 
underlying  factors  in  these  problems.  Many  topics  were  considered.  These  included: 

—  The  epidemiology  of  back  pain  in  drivers  and  pilots,  considering  both  the  posture  and  the  vibrational  environment  as 
contributory  factors; 

—  the  biomechanics  of  the  spine; 

—  the  methods  of  evaluating  individuals  in  order  to  predict  their  susceptibility  to  chronic  back  pain; 

—  the  methods  for  treating  and  preventing  back  pain  through  education;  and 

—  the  potential  for  reducing  the  incidence  of  back  pain  in  the  design  of  current  and  future  aircraft  cockpits. 

The  data  and  conclusions  presented  at  this  Specialists’  Meeting  are  often  of  a  tentative  nature,  and  emphasize  the  need 
for  further  research.  They  also  stress  the  potential  to  dramatically  reduce  the  incidence  of  both  temporary  discomfort  and 
chronic  pain  in  aircrew  through  the  design  of  advanced  aircraft  cockpit  systems.  The  seriousness  of  the  problem,  and  the 
simplicity  and  effectiveness  of  some  proposed  solutions,  should  recommend  these  Proceedings  to  those  involved  in  the 
design  of  military  ground  vehicles  and  aircraft,  and  those  responsible  for  the  health  and  effective  use  of  aircrew  in  actual 
operations. 
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TECHNICAL  EVALUATION  REPORT 


hy 

Jack  P.  Landolt 

Blosctences  Division 

Defence  and  Civil  Institute  of  Environmental  Medicine 
Downsvlew,  Ontario,  Canada  M3M  3B9 


1 .  IRTRODOCTIOR 


The  Aerospace  Medical  Panel  held  a  Specialist's  Meeting  on  "Backache  and  Rack 
Olsconf ort"  at  Accademla  Aeronautlca  In  Pozzuoll  (Naples),  Italy  from  October  B  to  10, 
1985.  Twenty-nine  papers  were  given  from  eight  NATO  and  two  non-NATO  countries. 


2 .  THEME 


The  theme  of  the  symposium  was  the  recurring  operational  problem  of  backache 
and  back  discomfort  In  military  personnel.  Modern  research  techniques  have  Identified 
many  potential  causes  of  back  pain  and  hack  discomfort,  and  new  approaches  have  been 
taken  to  reduce  their  effects  on  both  military  personnel  and  civilians.  Of  particular 
Importance  Is  the  high  frequency  of  low-back  pain  in  both  fixed-wing  and  helicopter 
aircraft,  and  In  certain  land  vehicles  such  as  armoured  personnel  carriers,  main  battle 
tanks,  buses,  and  earth-moving  machinery.  Operators  In  some  of  these  vehicles  may  he 
forced  to  assume  constrained  postures  but  all  are  exposed  to  vibration  during  the 
performance  of  their  duties.  The  papers  which  were  selected  for  this  symposium  gave  an 
Insight  Into  "Idiopathic"  and  drivers'  low-hack  natn;  Its  epidemiology  In  the  general 
and  military  populations;  the  biomechanics  of,  and  mechanical  stresses  on,  the  spine; 
and  the  ways  in  which  this  knowledge  could  be  applied  to  improving  the  cockpit  environ¬ 
ment.  The  knowledge  gained  from  the  study  of  backache  and  hack  discomfort  may  be  used 
by  the  aerospace  community  to  Improve  the  cockpits  of  current  aircraft,  and  In  the 
design  and  development  of  advanced  cockpit  environments. 


3.  PURPOSE  AMD  SCOPE 


’"The  purpose  of  the  symposium  was  to  bring  military  and  civilian  specialists 
working  In  different  disciplines  together  to  consider  the  problems  of  hack  pain  and 
back  discomfort  In  vehicular  environments;  In  particular,  as  they  relate  to  the  discom¬ 
fort  of  aircrew  In  current  and  emerging  aircraft.  The  scope  was  broad.  In  that  it 
covered  several  aspects  of  the  hack-pain  problem.  Idiopathic  low-back  pain  In  the 
general  population  was  considered  from  the  point  of  view  of  posture  and  vehicular 
vibration  as  contributory  factors,  the  conditions  of  the  spine  which  predispose  Indi¬ 
viduals  to  backache,  the  spine  and  task  ergonomics,  the  methodology  for  predicting 
spinal  Instability,  and  "back-school"  programmes  for  the  prevention  or  treatment  of 
recurrent  back  pain.  The  topics  discussed  under  backache  and  hack  discomfort  In  the 
cockpit  environment  Included  methods  of  measurement,  the  effects  of  whole-body  vibra¬ 
tion  and  sitting  posture  on  the  spine,  and  the  use  of  passive  lumbar  supports.  Improved 
seat  cushions,  and  active  antl-vlbratlon  seat  cushions  as  preventative  measures.  The 
participants  Included  military  and  civilian  experts  In  epidemiology,  orthopaedic 
medicine,  pathophysiology,  biomechanics,  mechanical  vibration,  process  modelling, 
anthropometry,  task  ergonomics,  and  design  and  operations  eng lneerlng .  |kf  resents t Ions 
were  drawn  from  Industry,  defence  and  other  governmental  research  laboratories,  univer¬ 
sities,  military  and  civilian  medical  centers  and  health  services,  and  private  research 
Institutions.  \ 


A .  SYMPOSIUM  PROCRAM 


The  papers  for  the  symposium  fell  Into  five  sessions  thst  provided  a  continuum 
of  topics  which  closely  reflect  current  military  and  civilian  research  and  practices  In 
the  study  and  prevantlon  of  backache  and  hack  discomfort. 

The  first  session,  Back  Pain  In  Vehicles:  Epidemiology,  set  the  background  for 
the  symposium.  The  emphasis  was  on  epidemiology  as  a  means  of  identifying  those  factors 
which  contribute  to  back  disorders.  Surveys  were  conducted  hy  Interview,  questionnaire, 
the  study  of  previous  medical  records,  and  objective  medical  examinations.  Surveys  of 
drivers'  back  pain  were  conducted  for  fixed-  and  rotary-wing  aircraft,  as  well  as  in  a 
variety  of  land  vehicles  (Including  wheal-  and  track-types  for  off-road,  paved,  or 
grav'el  conditions).  The  first  eight  papers  made  up  this  session. 
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The  second  session,  Blomechsnlcs  and  Rlometrtcs  of  the  Spine,  consisted  of 
five  papers.  This  session  dealt  with  Information  that  la  required  In  order  to  produce 
aathenatlcal  or  engineering  aodels  of  spinal  geometry  and  mechanical  behaviour;  models 
which  may  be  used  to  evaluate  the  effects  of  vibration  and  posture  without  exposing 
human  populations  to  discomfort  or  the  risk  of  Injury. 

The  four  papers  that  made  up  the  third  session.  Response  of  Spine  to  Vibra¬ 
tion,  described  how  the  spine  behaves  under  loading  to  whole-body  vibration  for  sitting 
or  standing  positions.  Mathematical  models,  which  Incorporate  the  experimental  observa¬ 
tions,  relaced  dynamic  vertebral  column  loading  to  fatigue-induced  changes  In  spinal 
structures . 

The  four  papers  In  the  fourth  seaalon.  Back  Pain:  Diagnosis,  Prediction,  and 
Prevention,  discussed  a  novel  method  for  diagnosing  the  severity  of  spinal  segment 
defects,  and  some  experiences  In  evaluating  and  predicting  hack  pain  In  servicemen. 
The  session  ended  with  an  Important  paper  which  discussed  the  coat  effectiveness  of 
Implementing  a  structured  back  care  education  programme  for  the  purpose  of  preventing 
recurrent  back  pain  In  military  personnel. 

The  fifth  session.  Back  Discomfort:  Cockpit  Environment  and  Remedial  Meas¬ 
ures,  was  comprised  of  eight  papers  that  were  mainly  concerned  with  hackache  and  hack 
discomfort  In  the  helicopter  cockpit  environment.  Factors  discussed.  Included  muscle 
fatigue,  spinal  segment  microtrauma,  and  diurnal  changes  In  body  height.  A  variety  of 
short-term  proposals  for  relieving  hack  discomfort  were  addressed. 


S.  TECHNICAL  EVAOLATIOM 


Back  Pain  In  Vehicles:  Epldemlolos 


The  author  of  the  first  paper  (Troup),  after  surveying  the  relevant  literature, 
concluded  that  the  cause  of  drivers'  backache  remains  unknown.  Although  there  Is 
reliable  evidence  that  driving  is  a  contributory  etlologlc  factor  In  clinically-treated 
patients  with  back  pain,  the  role  of  severe  vibrations  and  Impact  shocks  from  bad  road 
conditions  In  the  genesis  of  back  pain  Is  still  unclear.  What  Is  required  now  Is  a 
series  of  experimentally-designed  prospective  studies  to  test  the  leading  hypothetical 
causes  of  drivers'  backache,  rather  than  continuing  with  further  surveys  from  retro¬ 
spective  clinical  studlea.  Notwithstanding  this  requirement,  substantial  cost-benefit 
gains  can  be  achieved  by  reducing  occupat lonal ly-lnd uced  musculoskeletal  pain  through 
proper  ergonomic  vehicular  redesigns. 


A  knowledge  of  the  effects  of  whole-body  vibration  on  back  discomfort  Is  sorely 
lacking.  The  authors  of  the  second  and  third  papers  redressed  this  somewhat,  hy  provid¬ 
ing  Insight  Into  the  vibration  environment  of  earth-moving  machinery  and  Its  effects  on 
operator  discomfort.  The  first  of  these  papers  (Zerlett)  discussed  the  various  findings 
of  an  extensive  epidemiological  study  of  back  disorders  in  operators  of  wheel-  and 
track-type  machinery  with  vibration  In  the  frequency  range  from  1.5  to  10  Hz.  Rack 
discomfort  was  much  more  frequent  In  groups  exposed  to  vibration  for  many  years  (70X) 
than  In  a  comparable  non-exposed  control  group  (54X).  Questionnaire  results  showed  that 
lumbar  discomfort  was  the  most  commonly-reported  symptom  (68. 7X).  Pathological  changes 
In  the  lumbar  spine,  as  Indicated  by  X-rays,  were  statistically  significantly  more 
prevalent  and  occurred  earlier  In  drivers  with  10-years  exposure  to  whole-body  vibra¬ 
tion  than  in  the  comparable  control  group.  The  other  paper  (Boulanger)  addressed  the 
Inadequate  vibration  Isolation  of  the  seat  suspension  system  In  many  types  of  earth- 
moving  vehicles,  and  made  recommendations,  based  on  existing  s tandards , f or  assessing 
the  performance  of  these  seats. 


The  fourth  paper  (Beevls)  compared  back  pain  In  three  groups  of  armoured  fight¬ 
ing  vehicle  drivers:  (a)  M113  Armoured  Personnel  Carrier  (AFC)  Motor  Fool  drivers,  (b) 
M113  AFC  drivers  attached  to  an  Infantry  regiment  ("RCR  drivers"),  and  (c)  main  battle 
tank  (Centurion)  drivers.  The  number  of  driving  hours  per  week  was  simitar  for  the 
Motor  Fool  and  Centurion  drivers,  but  much  less  for  the  RCR  drivers.  The  Fool  and  tank 
driving  was  mainly  off-road.  Questionnaire  results  Indicated  that  89X  of  Pool  drivers, 
46X  of  RCR  drivers,  and  55X  of  Centurion  drivers  suffered  from  back  problems;  values 
which  are  considered  to  be  much  higher  than  those  found  In  a  "normal"  population  of 
land  vehicle  drivers.  A  study  of  vehicle  ride  characteristics  showed  that  Z-sxls  acce¬ 
leration  levels  at  the  driver's  seat  were  much  higher  for  the  off-road  condition  In  the 
AFC  and  exceeded  ISO  2631  exposure  limits.  In  the  much  heavier  and  slower  Centurion 
tank,  these  accelerations  were  smaller  than  In  the  AFC,  and  were  not  sensitive  to 
different  road  conditions.  The  authors  argued  convincingly  that  hack  Injury  In  Pool 
drivers  (to  the  extent  of  lumbar  disc  herniation)  occurred  as  a  result  of  poor  posture 
and  a  very  Intense  vibration  environment;  and  hack  pain  In  RCR  and  Centurion  drivers, 
primarily  from  bad  posture. 

The  fifth  paper  (Froom)  described  this  responses  to  a  questionnaire  and  medical 
survey  taken  from  three  groups  of  Israeli  pilots:  fighter,  transport  aircraft,  and 
helicopter,  pilots.  A  significant  finding  was  that,  although  helicopter  pilots  reported 
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more  low-back  pain  during  and  Immediately  after  flight  (34. 52,  conpared  to  12.9*  and 
4.82  for  fighter  and  transport  pilots,  respectively),  they  were  no  nore  prone  to 
chronic  back  pain  than  the  other  two  groups.  Of  those  who  reported  chronic  low-back 
pain,  the  fighter  pilots  suffered  the  nost  severely  (25. 62,  compared  to  6.9*  and  5.9* 
for  transport  and  helicopter  pilots,  respectively).  As  a  group,  fighter  pilots  tended 
to  have  narrower  posterior  Intervertebral  disc  spaces  than  did  a  control  group  of 
transport  pilots.  These  findings  support  the  Idea  that  there  are  different  forms  of 
low-back  pain  In  the  military  population,  which  can  be  distinguished  by  their 
time-course  and  severity;  and  that  the  biomechanical  causes  of  low-back  pain  are 
different  In  different  aircraft. 

The  paper  by  Burmelster  and  Thoma  reported  on  the  results  of  a  survey  (by 
questionnaire)  on  backache  and  flying  duty  In  pilots  of  let  and  propeller-driven  air¬ 
craft.  About  one-half  of  the  respondents  suffered  (mainly)  lumbar  back  pain.  Although 
the  frequency  of  back  pain  appears  to  Increase  with  total  flying  hours,  this  relation¬ 
ship  disappears  when  the  age  of  the  respondents  Is  taken  Into  account.  Of  the  pilots 
who  experienced  back  pain,  the  Jet  pilots  were  more  likely  to  describe  their  pain  as 
Intermittent  or  "stabbing",  while  prop  pilots  described  it  as  "dragging".  Whether  or 
not  they  experienced  back  pain,  pilots  In  both  groups  felt  that  both  the  sitting 
posture  and  the  coldness  of  the  seats  were  uncomfortable.  Jet  pilots  blamed  G-loadlng 
as  a  source  of  back  pain,  but  neither  group  considered  vibration  as  an  Important  causal 
factor.  The  authors  recommended  that  seat  designs  avoid  excessive  rearward  pelvic  tilt, 
which  contributes  to  intervertebral  disc  stress  and  muscle  fatigue.  One-half  of  the 
pilots  felt  that  flying  Impaired  their  health;  this  was  particularly  true  for  those 
suffering  backache.  This  belief,  and  its  effect  on  morale,  can  only  be  counteracted  by 
che  dissemination  of  reliable  Information  on  the  subject  to  pilots. 

The  sixth  paper  (Shanahan)  discussed  the  etlologlc  factors  of  back  discomfort 
In  U.S.  Army  helicopter  aircrew.  Questionnaire  results  showed  that  72.82  of  pilots 
experienced  back  discomfort,  most  frequently  In  the  lower  back  (702  of  cases)  and 
buttocks  (16.62).  In  50.12  of  respondents,  the  low-back  pain  was  of  a  transient  nature, 
lasting  for  24  hours  or  less,  and  was  ascribed  to  the  slumped  and  asymmetrical  posture 
that  helicopter  pilots  must  assume  to  effectively  operate  the  controls.  In  a  second 
group  of  more  experienced  helicopter  pilots  (14.52  of  respondents) ,  persistent  pain  was 
reported  that  lasted  longer  than  48  hours  and  resembled  the  low-back  pain  In  clinical 
cases.  (The  author  of  the  twenty- four th  paper  (Bowden)  compared  this  chronic  pain  with 
that  of  "Idiopathic  low-back  pain"  In  Its  chronic  aspects  In  the  civilian  population.) 
Compelling  arguments  were  given  that  the  persistent  pain  group  may  have  developed 
spinal  pathologies  that  worsen  through  repeated  mission  exposure  to  a  poor  postural 
environment.  The  vibration  to  which  helicopter  aircrew  are  exposed  may  or  may  not 
aggravate  the  backache.  The  author  noted  that,  even  though  vlbra t ion- red uc lng  designs 
have  been  implemented  in  current  helicopters,  back  pain  continues  to  be  a  problem.  A 
disturbing  finding  In  this  paper  concerned  two  methods  aircrew  have  used  to  alleviate 
the  symptoms  of  back  discomfort:  a  significant  number  (28.42)  of  aircrew  have  rushed 
helicopter  missions;  while  7.52  have  actually  refused  theirs.  Since  about  one-third  of 
aircrew  first  noted  symptoms  of  back  discomfort  within  the  first  two  hours.  It  might  be 
prudent,  for  the  sake  of  mission  safety  and  effectiveness,  for  field  commanders  to 
restrict  helicopter  sorties  to  that  duration. 

The  seventh  paper  (Uestgaard)  presented  evidence  for  a  causal  relationship 
between  continuous,  low-intensity  muscle  loads  of  long  duration  and  the  risk  of  devel¬ 
oping  musculoskeletal  Illness.  The  suggestion  was  made  that,  during  active  d-jty,  the 
constrained  posture  and  other  factors  to  which  aircraft  pilots  are  exposed  could  keep 
muscles  In  a  constant  state  of  tension,  thereby  contributing  to  back  discomfort.  A 
novel  hypothesis  put  forth  by  these  authors  was  that  vibration  may  activate  muscle- 
spindle  sensory  organs,  causing  facllitory  action  in  spinal  motoneurons,  which  could 
lead  to  Increased  muscle  contractions. 


5.2  81onechanlca  and  Biometrics  of  the  Spine 

The  eighth  paper  (Quandieu)  provided  a  valuable  review  of  what  Is  known  about 
the  mechanical  properties  of  the  constituent  elements  of  Che  spine.  The  author  des¬ 
cribed  some  studies  In  detail,  notably  those  of  the  g;oup  at  Centre  d'Etudes  et  de 
Recherches  de  Medeclne  Ae rospac la les ,  Paris,  France,  using  animals  with  accelerometers 
Implanted  In  Individual  vertebrae,  and  a  study  of  the  problems  In  obtaining  accurate 
motion  data  from  X-ray  images.  The  proposal,  that  Che  technique  of  "signature  analysis” 
(as  used  In  the  examination  of  engineering  structures)  be  developed  as  a  diagnostic 
tool  for  spinal  abnormalities  was  being  Investigated  using  these  animal  models.  This 
paper  emphasised  the  desirability  of  developing  accurate  methods  for  determining  posi¬ 
tions  from  X-ray  Images,  a  problem  that  was  also  addressed  In  another  paper  (Gertsbeln) 
at  this  Symposium. 

The  ninth  paper  (Sances)  described  tests  to  failure  of  spinal  segments,  by  both 
direct  compression  and  bending.  Also  given  were  the  results  of  tests  of  the  elastic 
characteristics  of  Individual  components  of  the  spine,  such  as  ligaments,  vertebral 
bodies,  and  the  Intervertebral  discs.  The  authors  described  a  non-linear,  finite- 
element  model  of  the  spinal  unit  based  on  their  data,  and  Its  validation  using  simu¬ 
lated  compreaslve  loeds. 


An  automatic  fleeing  procedure  which  bese  marches  ehe  gross  anacomlcal  features 
of  Che  huaan  spine,  Che  Ideal  sealing  arrangement,  and  the  nost-sultable  ergonomic  seat 
design  Is  a  desirable  goal  If  postural  muscle  fatigue  is  to  be  substantially  reduced. 
Such  an  approach  was  the  subject  of  the  tenth  paper  (Cohlentz).  A  dynamic  program 
algorithm  was  given,  which,  by  Its  Inherent  nature,  determined  the  best  posture  In  the 
ergonomic  sense  of  a  simple  articulated  human  model.  This  model  was  comprised  of  two 
end  reference  points  with  eight  contained  segments:  the  head,  cervical  spine,  thoracic 
aplne,  lumbar  aplne,  sacrum,  thigh,  lower  leg,  and  foot.  The  algorithm  estimated  the 
beat  set  of  angles  for  the  eight  articulations  on  the  basis  of  Information  concerning 
the  two  reference  points.  The  eleventh  paper  (Cohlentz)  provided  blosteriometrlcal  data 
of  various  parameters  that  have  been  obtained  In  order  to  define  the  external  curvature 
of  the  spine  for  normal  standing,  and  upright  and  relaxed  seating  positions.  What  Is 
required  now  Is  Chat  this  model  (or  other  computer-aided  models  of  seating  posture)  be 
tested  with  the  blosteriometrlcal  data  for  different  and  novel  seat  designs,  such  as 
those  recommended  In  the  twelfth  paper  (Mandal). 

5.3  Response  of  Spine  to  Vibration 

The  author  of  Paper  No.  13  (Sandover)  argued  the  case  for  the  need  for  better 
epidemiological  data  --  preferably  from  controlled  prospective  studies  —  on  the 
effects  of  vibration  on  health.  In  particular,  he  argued  on  the  need  for  a  framework 
In  which  fatigue-induced  lumbar  disc  degeneration  can  be  properly  related  to  the  level 
and  duration  of  vibration  exposure  experienced. 

Two  papers  scheduled  for  this  session  in  the  Symposium  were  not  presented. 
These  were  Paper  No.  14,  which  was  Co  address  active  and  passive  models  of  the  lumbar 
spine  to  whole-body  vibration,  and  Paper  No.  15,  which  was  to  discuss  the  role  of 
facets  In  wave  propagation  In  Che  spine. 

The  response  of  the  spine  to  vibration  Is  usually  measured  with  accelerometers, 
which  are  placed  on  the  head  or  on  some  part  of  the  trunk  surface.  The  authors  of  the 
sixteenth  and  seventeenth  papers  reported  results  In  which  the  t ransml ss lb  1 1 1 1 y  of 
sinusoidal  vibration  In  the  spine  was  measured  with  accelerometers  attached  to  percuta- 
neously-lnserted  Klrschner-wlres  ("K-wlres")  that  were  directly  fastened  to  the  spinous 
processes  of  the  vertebrae.  In  the  first  of  these  two  papers  (Hagena),  subjects  with 
normal  spines  were  exposed  to  sinusoidal  Gz-v lbra t Ions  at  an  acceleration  of  0.2  g  over 
the  frequency  range  from  3  to  40  Hz.  The  uniaxial  acceleration  measurements  Identified 
three  ln-vlvo  responses  of  the  human  spine;  one  centered  at  4-5  Hz  (corresponding  to 
the  natural  frequency  of  the  whole  body),  another  between  7  and  10  Hz  for  the  spine, 
and  one  at  about  18  Hz  for  the  head.  An  Interesting  observation  was  that  the  natural 
resiliency  of  the  spine  absorbs  up  to  40Z  of  sacrally-induced  vibrations  at  the  head. 
Furthermore,  ln-vltro  tests  on  surg lea  1 1 y- f used  L4-L5  segments  have  shown  increased 
amplitude  vibrations  In  the  neighbouring  segments.  This  Implies  that  personnel  with 
ankylosing  spondylitis  or  any  similar  pathology  would  experience  greater  than  normal 
spinal  segment  stresses  in  a  vibrational  environment.  This  could  lead  to  additional 
degenerative  changes  In  the  spine  In  such  cases.  In  the  second  of  these  papers 
(Andersson),  the  results  of  experiments  with  healthy  seated  volunteers,  who  were 
exposed  to  vertical  sinusoidal  vibrations  at  accelerations  of  0.1  and  0.3  g,  over  the 
frequency  range  from  2  to  15  Hz  were  discussed.  Vibration  measurements  were  taken  at 
LI,  L3  and  at  the  sacrum,  by  means  of  transducer  packages  which  simultaneously  measured 
a--e lera t ions  In  three  principal  directions  In  the  sagittal  plane.  Results  showed  that 
.lot  only  vertical,  but  also  horizontal  and  rotary  vibrations  are  Induced  In  the 
vertebrae  by  vertical  sinusoidal  Input  accelerations.  This  has  Important  Implications 
If  good  ergonomic  seating  and  anti-vibration  oractlces  are  to  be  considered  In  any 
future  cockpit  developments.  Resonance  frequencies  of  the  spine  were  4.5  Hz  In  the 
vertical  direction,  and  4.5  Hz  (possibly)  for  the  rotary  component.  If  there  are 
horizontal  resonances,  then  they  are  outside  the  range  0  to  15  Hz. 

The  eighteenth  paper  (Pellleux)  described  the  development  of  a  technique  of 
great  potential  value  In  obtaining  data  relevant  to  biomechanical  models.  In  theory. 
If  one  knows  the  linear  transfer  function  which  relates  the  motion  of  an  arbitrary 
vertebra  In  a  living  animal  to  the  motion  of  the  seat  on  which  the  animal  Is  placed,  1: 
should  be  possible  to  drive  the  vibrator  to  which  the  seat  is  attached  (Input)  In  such 
a  way  that  the  motion  of  the  vertebra  follows  an  arbitrarily-selected  pattern  (out¬ 
put).  This  would  allow  the  study  of  the  transfer  function,  which  relates  the  motion  of 
this  vertebra  to  the  motion  of  other  vertebrae  in  the  spine,  to  be  conducted  In  the 
Intact  animal,  rather  than  with  excised  specimens.  The  authors  have  worked  towards 
this  possibility,  end  have  outlined  the  limitations  of  the  technique  Imposed  by  the 
non-llnearltles  and  time  dependence  of  biological  systems,  and  the  Inherent  limitations 
of  mechanical  vibrators. 

5.4  Rack  Pain:  Diagnosis,  Prediction,  and  Prevention 

Paper  No.  19  which  was  to  discuss  pathological  changes  in  aircrew  spinal 
columns,  was  not  presented  at  the  Symposium. 

The  twentieth  paper  (Gartzbeln)  described  an  elegant  method  for  determining 
lumbar  spinal  segment  Instability.  The  method  uses  a  computer  and  digitizer  to  deter¬ 
mine  the  Instantaneous  centre  of  rotation  of  lumbar  spinal  segment  motion  from 


radiographs  during  full  extension  and  flexion  of  Che  spine  in  a  highly  accurate,  rapid 
and  reproducible  way.  The  normal  lncervercebral  "joint"  has  motion  comprised  of  both 
rotation  and  translation;  l.e.,  there  is  no  single  centre  of  rotation.  Indeed,  the 
centre  of  rotation  moves  through  a  locus  called  a  centrode,  which  is  measured  by  divid¬ 
ing  the  entire  range  of  motion  into  finite  component  arcs  whose  individual  centres  of 
rotation  are  measured.  Centrodes  in  normal  lumbar  segments  differ  both  qualitatively 
and  quantitatively  from  chose  in  discs  with  degenerative  diseases.  In  a  sample  of 
cadaveric  spines,  942  of  abnormal  L4-L5  segements  were  detected  with  the  new  technique 
compared  to  only  252  with  the  standard  flexion/extension  radiographic  technique  for 
measuring  excessive  spinal  segment  motion.  The  method  is  currently  being  evaluated  on 
normal  volunteers.  It  promises  to  be  useful  in  the  early  diagnosis  of  spinal  segement 
instability  (even  before  there  are  obvious  radiographic  changes)  without  having  to 
resort  to  the  stressful  effects  of  discography. 

The  problem  of  choosing  the  best  method  for  screening  military  recruits  in 
order  to  reduce  the  incidence  (and  cost)  of  back  pain  and  related  disabilities  in  the 
armed  services  was  addressed  in  two  papers  from  Sweden,  Nos.  21  and  22.  The  first  of 
these  (Nordgren)  described  Che  evaluation  of  a  group  of  older  men  (mean  age  37  years) 
who  reported  for  refresher  training;  while  the  second  (Hellsing)  reported  an  evaluation 
of  young  men  (mean  age  18  years)  during  their  first  enlistment.  In  the  Nordgren  paper, 
it  was  found  that  those  who  had  experienced  back  pain  during  service  had  significantly 
lower  isometric  strength  in  the  abdominal  and  lower  back  muscles  than  others  in  the 
test  group.  The  two  papers  gave  apparently  contradictory  results:  among  young  men,  a 
history  of  back  pain  has  more  value  than  physical  tests  in  predicting  back  problems 
during  service;  whereas,  in  older  men,  the  physical  test  is  the  better  predictor.  This 
is  probably  because  older  persons  will  almost  always  have  some  back  pain  in  their 
history,  but,  in  younger  persons,  back  pain  is  an  unusual  problem. 

The  twenty-third  paper  ( Wa r r ing ton-Kea rs 1 e y )  addressed  the  subtantlal  effec¬ 
tiveness  that  a  structured  back  care  programme  can  have  in  preventing  low  back  pain 
from  worsening  or  recurring.  Interestingly,  patients  with  long-standing  low  hack  pain 
displayed  a  characteristic  weakness  in  their  postural  muscles  during  exercise  train¬ 
ing.  This  supports  the  view  that  most  back  pain  arises  from  mechanical  stress,  either 
from  muscular  weakness  or  bad  posture.  Many  of  the  author's  data  sample  of  trade- 
related  back  injuries  were  from  military  occupational  categories  that  took  awkward 
materials-handllng  positions  (e.g.,  cooks),  or  else  occupied  inappropriate  working 
postures  (e.g.,  tank  crewmen).  Without  preventative  education,  the  majority  of  first¬ 
time  sufferers  can  be  expected  to  experience  progressively  debilitating,  recurring 
episodes  of  back  pain.  However,  experience  with  the  Back  Care  Education  Programme 
(BCEP)  has  now  shown  that  over  702  of  first-time  patients  required  no  further  treatment 
following  a  structured  program  of  education  that  was  accompanied  with  a  suitable 
regimen  of  prophylaxis.  The  current  one-day  (7  hour)  BCEP  emphasizes  basic  spinal 
anatomy  and  physiology,  the  biomechanics  of  spinal  function,  the  psychological 
conditioning  to  chronic  pain,  and  lifestyle  changes  and  techniques  which  alleviate 
symptoms  and  reduce  recurrent  episodes  of  low  back  pain.  The  BCEP  is  well  justified 
through  cost  effectiveness. 

5 . 5  Back  Discomfort:  Cockpit  Environment  and  Remedial  Measures 

The  twenty-fourth  paper  (Bowden)  noted  that  the  postural  muscle  fatigue  which 
results  from  maintaining  an  awkward  working  posture  in  flying  the  helicopter  can  he 
measured  and  quantified  by  electromyographic  (EMG)  methods.  By  appropriately  relating 
muscle  activity  and  fatigue,  it  may  be  possible  to  design  cockpit  environments  with 
more  suitable  ergonomic  conditions  for  relieving  backache  and  back  discomfort  (e.g., 
through  the  use  of  side  arm  controllers,  or  vibration-attenuating  seats,  etc.). 

In  the  twenty-fifth  paper  (Pope),  erector  splnae  muscle  EMG  activity  from  the 
13-segment  level  and  subjective  discomfort  responses  were  used  to  assess  hack  discom¬ 
fort  and  muscle  fatigue  to  both  static  posture  and  vibration  exposure  in  a  UH-1H  heli¬ 
copter  cockpit  mock-up.  The  study,  which  was  based  on  a  two-hour  "flight",  concluded 
that  low-back  and  buttock  discomfort  appear  to  result  from  the  UH-1H  helicopter  seating 
rather  than  the  actual  vibration.  A  surprise  finding  was  that  subjects  reported  less 
discomfort  during  UH-1H  simulated  vibration  than  during  exposure  for  two  hours  to  the 
static  UH-1H  seating  environment. 

The  twenty-sixth  paper  (Poirier)  identified  posture  and  vibration  as  the  causes 
of  backache.  The  investigation  Into  posture  was  carried  out  by  the  radiography  of  sub¬ 
jects  sitting  in  mock-ups  of  selected  helicopter  cockpit  seats.  Several  angles  between 
body  segments  and  spinal  segments  were  measured.  The  results  were  presented  as  qualita¬ 
tive  descriptions  of  the  posture  in  the  seats  of  three  helicopters,  the  Alouette  III, 
the  Gaselle,  and  the  Puma.  The  studies  of  vibration  consisted  of  evaluations  of  the 
attenuation  of  vibration  by  various  seat  cushion  foam  materials.  The  authors  noted  that 
vibration  In  the  vertical  direction  leads  to  a  response  in  the  horizontal  direction  In 
the  upper  body  and  head.  This  Is  consistent  with  the  ln-vlvo  observations  of  Gz  vibra¬ 
tions  In  intervertebral  segments  related  In  the  seventeenth  paper  (Andersson).  While 
acknowledging  that  the  effects  of  vibration  on  the  spine  sre  not  yet  well  understood, 
the  author*  also  noted  the  requirement  for  muscular  contractions  to  resist  the  effects 
of  vibration,  and  the  consequent  possibility  of  fatigue.  The  suggestion  was  made  that 


any  failure  of  the  muscular  damping  of  vibration  could  lead  to  clinical  probleme,  alnce 
excessive  loads  would  then  be  borne  by  the  discs  and  ligaments.  The  paner  noted  the 
desirability  of  vibration  reduction  and  Improvements  In  the  seat  which  would  permit 
better  posture.  However,  the  hypothesis  that  helicopter  vibration  has  a  direct  patho¬ 
genic  effect  on  the  spine  wss  not  given  any  supporting  evidence. 

The  description  of  vibrational  motion  In  three  dimensions  Is  often  difficult  to 
grasp  conceptually.  The  twenty-seventh  paper  (Petternella)  described  an  elegant  method 
for  representing  the  time-course  of  actual  measured  vibrations  from  a  helicopter  seat 
as  a  map  derived  from  s  two-dimensional  Flamsteed  protection  of  the  unit  sphere.  The 
map  shows  clearly  the  presence  of  the  principal  rotational  and  translational  vibration 
components.  In  order  to  allow  the  comparison  of  different  vibrational  environments, 
the  coordinate  axes  can  be  chosen  so  that  all  of  the  translational  motion  Is  In  the 
Z-axia,  and  the  rotational  motion  Is  in  the'  Y-Z  plane.  Frequency  analysis  of  these 
separate  components,  rather  than  of  the  individual  X,  Y  and  Z  components,  yielded 
Insight  into  the  pattern  of  seat  vibration.  Its  causes  and  possible  effects. 

The  twenty-eighth  paper  (Troup)  proposed  the  use  of  precise  (to  1  mm)  measure¬ 
ments  of  body  height  (stature)  as  a  means  of  estimating  the  cumulative  effect  of  loads 
on  the  spine  arising  from  occupational  or  postural  stresses.  The  author  cited  reports 
In  which  the  effects  of  running,  lifting  and  pushing  were  studied.  A  notable  finding 
was  that  differences  in  the  loss  of  height  correlated  with  the  perceived  exertion  and 
discomfort.  This  suggests  that  the  method  could  be  used  to  measure  the  stresses  which 
cause  perceived  back  pain  In  various  occupations.  The  method  thus  has  potential  for 
studies  of  the  effects  of  various  postures  and  vibration  on  drivers  and  pilots,  but  the 
author  observed  that  its  use  as  a  tool  In  occupational  medicine  requires  further 
study. 

Papers  Nos.  29  and  30  gave  the  results  of  Incorporating  seat  re-deslgns,  lumbar 
supports.  Improved  seat  cushions,  and  higher  harness  take-off  points  In  cockpits  as  a 
means  of  relieving  backache  and  back  discomfort  In  flight.  The  author  of  the  first  of 
these  papers  (Reader)  asserted  that  aircrew  backache  Is  caused  solely  by  the  sitting 
posture  and  the  design  of  the  seat.  In  support  of  this  assertion,  he  provided  statis¬ 
tics  which  showed  that  almost  all  flxed-wlng  and  helicopter  aircrew  were  either 
symptom-free  or  reported  "considerably  less"  backache  when  using  a  lumbar  support  that 
restores  normal  lumbar  lordosis  during  flight.  Although  these  supports  must  be  moulded 
to  Che  contours  of  each  wearer's  back,  they  are  simple  In  design,  cheap,  and  easy  to 
use.  The  author  also  noted  that  backache  Is  conslderaby  reduced  In  new  election  seats 
and  helicopter  crew  seats  which  Incorporate  lumbar  support  curves  In  their  design.  The 
second  of  the  these  papers  ( Bralthwalte)  discussed  the  Improved  comfort  that  Gatelle 
helicopter  aircrew  experienced  because  of  seat  modifications,  new  more-compliant  seat 
cushions,  lumbar  supports,  and  harness  assembly  alterations.  All  of  these  modifications 
were  directed  towards  removing  those  back  stressors  that  resulted  from  poor  seating 
posture. 

The  thirty-first  paper  (van  Vliet)  started  from  the  premise  that,  given  that 
poor  posture  and  excessive  vibration  Induce  fatigue  and  discomfort  In  helicopter  air¬ 
crew,  can  remedial  measures  be  taken  to  alleviate  these  conditions?  In  order  to  reduce 
the  vibrations  chat  typically  affect  helicopter  pilots,  the  authors  suggested  the  use 
of  active  antl-vlbratlonal  seat-pan  and  seat-back  cushions  which  adlust  automatically 
to  compensate  for  vehicle  vibration,  thereby  keeping  the  pilot  In  a  neutral  position. 
(Each  cushion  Is  comprised  of  a  matrix  of  four  inf latable/def latahle  air  cells  which 
are  Individually  activated  by  air  bellows  that  are  responsive  to  feedback  signals  from 
aircraft  motion-sensor  Inputs.)  In  Initial  tests,  the  prototype  system  has  shown  good 
Isolation  characteristics  for  the  frequency  range  from  3  to  8  Hr.  The-  system  can  be 
retrofitted  In  a  variety  of  land  and  air  vehicles.  These  authors  also  endorsed  the  use 
of  side-arm  displacement  controllers,  which  are  Incorporated  In  a  full-authority,  fly- 
by-wlre  control  system,  to  reduce  the  slumped  and  asymmetrical  loading  that  pilots 
experience  In  current  helicopter  operations.  More  concrete  results  of  these  develop¬ 
ments  are  now  required. 


6.  CONCLUSIONS 


6.1  Low-back  pain,  which  Is  one  of  the  most  common  ailments  In  modern  society.  Is  now 
being  studied  In  particular  detail.  Papers  wars  presented,  from  both  the  military  and 
the  construction  Industry,  that  addressed  drivers'  back  pain  from  the  points  of  view  of 
the  vibration  exposure,  the  seating  environment,  and  the  medical  consequences. 

6.2  Helicopter  pilots  and  fighter  aircraft  pilots  both  suffer  low-hack  pain,  hut  with 
dlffarant  tlaa-couraas  and  with  different  severities.  Are  they  the  result  of  different 
biomechanical  atrassas?  Parhapa;  It  could  ba  that  the  severe  accelerations  of  nao-of- 
the-earth  flight  or  air  combat  maneuvers  in  fighter  pilots  produce  the  same  effect  as 
the  violent  lurching  of  off-road  vehicles. 

6.3  Because  the  helicopter  pilot  must  assume  a  constrained  posture  while  flying  his 
vehicle,  he  le  exposed  to  a  milder,  but  constant,  stress.  Thus,  his  hack  pains  are  more 
common,  but  not  as  severs.  Most  can  be  relieved  simply  by  rest.  The  more  serious 
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problea  It  Chat  Che  pain  has  Induced  some  helicopter  aircrew  either  to  hurry  their 
aissions,  or  to  refuse  them.  Therefore,  It  might  be  prudent,  for  the  sake  of  mission 
safety  and  effectiveness,  for  field  commanders  to  limit  the  length  of  helicopter 
aissions. 

6.4  The  effective  lapleaentatlon  of  good  seating  procedures  can  he  enhanced  through 
efficient  computer-aided  methods  which  best  match  the  gross  anatomical  features  of  the 
human  spine,  the  Ideal  seating  arrangement,  and  the  most  suitable  ergonomic  seat 
design.  These  methods  should  then  be  tested  with  blostereometrlcal  and  biomechanical 
data  against  different  seat  designs  and  cockpit  environments.  At  the  same  time,  a 
suitable  measure  of  back  stress,  such  as  the  change  In  stature,  should  be  Implemented 
as  an  Index  of  pending  back  discomfort  during  workload,  with  and  without  vibration.  In 
these  different  seating  environments. 

6.5  Attempts  should  be  made  to  combine  standardized  data  gathering  methods  with 
controlled  prospective  epidemiological  Investigations,  in  order  to  assess  chronic  low- 
back  pain  In  vehicular  drivers.  Factors  such  as  workload,  the  vibrational  environment, 
seating  posture,  change  In  stature,  etc.,  should  be  considered  In  the  methodology. 

6.6  Methods  In  which  the  accelerometers  measuring  the  response  of  the  spine  to  vibra¬ 
tion  are  attached  directly  to  the  lumbar  vertebrae  (Instead  of  to  the  head  or  trunk  of 
the  subject)  promise  to  provide  useful  data  on  the  transmission  characteristics  of  the 
spine.  The  Important  finding  that  vertical  vibration  applied  to  the  body  produces 
vibrational  motion  In  the  lumbar  spine  that  has  not  only  vertical,  hut  also  horizontal 
and  rotary  components,  has  Important  implications,  if  good  ergonomic  seating  and  antl- 
vlbratlon  systems  practices  are  to  be  considered  In  any  future  cockpit  development. 

6.7  Any  method  that  reduces  radiation  exposure  and  the  harmful  effects  of  discography 
In  the  early  diagnosis  of  spinal  segment  degeneration  must  be  given  serious  considera¬ 
tion.  Accordingly,  the  computer-aided  method  being  developed  by  the  team  from  Sunny- 
brook  Medical  Centre,  Canada,  for  detecting  Instabilities  In  lumbar  spinal  segments 
deserves  particular  attention. 

6.8  Methods  for  evaluating  and  predicting  back  pain  In  servicemen  look  promising  hut 
require  further  study. 

6.9  The  fact  that  over  70Z  of  first-time  patients  require  no  further  treatment  when  a 
structured  program  of  back  care  education  Is  followed  with  an  accompanied  regimen  of 
prophylaxis,  suggests  that  such  a  program  Is  well  Justified  In  terms  of  cost  effective¬ 
ness  . 

6.10  The  method  of  measuring  changes  In  stature  should  be  Investigated  further  for  Its 
potential  as  an  Index  of  accumulated  back  stress  In  the  design  of  cockpit  environments. 

6.11  Flamsteed  projections  are  well  suited  for  representing  the  course  of  time-varying 
phenomena  such  as  helicopter  seat  vibrations  In  two-dimensional  space.  The  method 
should  be  further  explored. 

6.12  Modifications  In  seat  configurations.  Improved  seat  cushions.  Individually- 
moulded  lumbar  supports,  and  higher  restraint-harness  take-off  points  are  some  of  the 
retrofit  concepts  which  should  be  Implemented  In  current  helicopter  aircraft  to  Improve 
pilot  comfort. 

6.13  The  use  of  active  an t 1- v lb ra t ion  seat-pan  and  seat-back  cushions  for  attenuating 
the  dominant  vibration  amplitudes  Is  a  practical  approach  for  those  vehicles  chat 
operate  In  environments  of  excessive  vibration. 

6.14  Perhaps  the  Ideal  system  for  reducing  the  backache/back-dlscomfort  problem  In 
helicopter  cockpit  environments  Is  one  that  Includes  side-arm  displacement  controllers. 
These  are  Incorporated  In  a  full-authority  fly-by-wlre  control  system  which  avoids  the 
necessity  for  the  slouched  and  stressful  posture  required  in  current  hellco  »r  cock¬ 
pits  . 


7.  RICOHMIID AT lOMS 


7.1  The  practice  of  Including  a  good  representation  from  both  military  and  civilian 
experts  to  eddress  and  discuss  common  problems  such  as  back  pain  In  operational  envi¬ 
ronments  should  continue  at  other  AGARD  AMP  Symposiums. 

7.2  The  ACARO  AMP  should  closely  follow,  and,  where  possible,  Influence  the  direction 
of  new  technological  developments  which  emphasize  sound  ergonomic  practices  in  advanced 
cockpit  designs  that  will  make  aircraft  less  stressful  to  fly. 

7.3  Although  low-back  ache  Is  more  closely  associated  with  helicopter  flight  regimes 
than  those  with  flxed-wlng  aircraft,  cervical  spine  problems  also  appear  to  he  within 


the  domain  of  the  fighter  pilot.  With  the  Introduction  of  new  high  performance  aircraft 
Into  MATO  Forces,  such  as  the  F-16,  F-18,  Mirage  2000,  and  Tornado,  with  their  uncon¬ 
ventional  flight  regimes,  neck  Injuries  are  expected  to  Increase  dramatically.  Thus, 
there  Is  a  need  for  a  future  AGARD  Speciallsta'  Symposium  that  will  address  the  topic 
of  neck  conditioning  and  neck-injury  protection  In  advanced  cockpit  environments. 
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Summary 

Back  pain  Is  one  of  the  most  prevalent  of  modern  symptoms  and  backache 
which  comes  on  after  sitting  Is  a  typical  complaint,  particularly  amongst 
drivers.  But  drivers'  backache  Is  not  confined  to  those  who  seek 
treatment;  It  Is  common  throughout  the  population  whether  patients  or  non¬ 
patients.  Yet  both  the  aetiology  and  the  pathomechanism  remain  unknown. 
Symptoms  are  related  to  the  time  spent  at  the  wheel  thus  it  may  be  inferred 
that  they  arise  from  the  concomitant  postural  restraints.  But  static 
stresses  In  the  spine  arise  both  from  the  seated  posture  itself  and  from 
the  muscular  work  of  driving;  while  dynamic  stresses.  Including  vibration, 
arise  from  the  motion  of  the  vehicle.  The  epidemiological  studies  so  far 
have  not  differentiated  between  the  potential  causative  factors  and  few.  If 
any,  have  taken  account  of  other  physical  activities  undertaken  by  drivers. 


Introduction 


Because  drivers'  back  pain  does  not  generally  persist  for  long  after  alighting.  It 
has  not  been  studied  clinically.  Nevertheless  it  can  be  postulated  that,  in  its  commoner 
forms,  it  is  a  primary  back  pain  arising  directly  from  the  tissues  of  the  spine:  skin, 
muscle,  fascia,  ligaments,  periosteum,  the  capsules  of  the  apophyseal  joints,  the 
adventitia  of  blood  vessels  or  the  spinal  meninges.  None  of  these  sites  can  be  excluded. 
The  sites  which  are  unlikely  sources  of  pain,  however,  are  those  which  are  not  normally 
Innervated:  the  discs,  epiphyseal  plates  and  the  cartilaginous  facets  of  the  apophyseal 
joints. 

It  Is  conceivable  that  a  mechanical  Irritation  of  the  more  superficial  of  spinal 
tissues  can  arise  from  the  variation  In  the  contact  between  the  driver's  back  and  the 
backrest  of  the  seat:  analogous  to  the  discomfort  in  the  buttocks  and  under  the  thighs 
due  to  prolonged  tissue  compression,  aggravated  by  the  motion  of  the  vehicle;  though 
without  the  associated  risks  of  ischaemia.  The  frame  of  the  seat  moves  with  the  vehicle 
and  the  driver's  movements  follow.  The  time  lag  between  the  two  patterns  of  motion 
results  In  Interactive  forces  that  vary  with  the  softness  of  the  upholstery;  but  also 
with  the  physical  characteristics  of  the  seat  springs,  which  may  lead  either  to 
amplification  or  attenuation  of  the  mechanical  Input. 

The  compressive  load  on  the  spine  Is  a  function  of  the  static  and  dynamic  components 
The  force  of  gravity  on  the  upper  part  of  the  body  Is  transmitted  wholly  by  the  lumbar 
vertebrae  and  discs  If  the  back  Is  unsupported.  Part  of  the  vertical  load  Is  transmitted 
by  the  backrest,  depending  on  Its  Inclination  to  the  vertical  and  on  the  area  of  contact 
with  the  body,  but  also  on  the  contour  of  the  backrest  and  the  level  of  the  spine  at 
which  load  transmission  occurs.  Andersson  et  al.  (1975)  found  that  support  In  the  back 
rest  at  the  level  of  L3  was  the  most  effective.  The  static  load  on  the  spine  stems  also 
from  muscular  activity  and  this  can  vary  considerably,  according  to  the  type  of  vehicle 
being  driven  and  to  the  postural  behaviour  of  the  driver.  The  controls  demand  muscular 
effort  at  hands  and  feet  which  In  turn  requires  reactive  postural  activity  from  the 
muscles  of  the  trunk,  so  Increasing  the  static  load.  The  driver's  posture  Itself  depends 
primarily  on  the  visual  constraints  but  also  on  the  layout  of  the  controls.  If  weather 
conditions  are  poor  and  the  driver  fatigued,  the  driving  position  Is  liable  to  change 
and  the  static  muscle  load  to  Increase,  particularly  when  tl.e  driver  ceases  to  lean  back 
on  the  backrest.  Postural  back  muscle  tension,  while  adding  to  the  static  spinal  load, 
may  Itself  cause  symptoms. 

The  dynamic  component  of  lumbosacral  compression  depends  on  the  ride  characteristics 
of  the  vehicle.  Its  changes  in  speed  and  direction  and  on  the  surface  being  traversed 
(Troup  1978;  Sandover  1981).  The  problems  arise  when  the  driver's  body  1$  oscillated  at 
Its  natural  frequency  of  4  to  8  Hz,  and  this  Is  highly  probable  In  some  trucks  operated 
on  rough  ground;  or,  when  going  over  stones,  ruts  and  potholes,  the  body  Is  subjected  to 
vertical  or  vertlcolateral  Impacts.  The  two  problems  tend  to  coincide  In  practice.  The 
latter  may  be  potentially  traumatic  but  It  Is  theoretically  possible  for  fatigue  failure 
to  occur  as  a  result  of  the  combined  effects  of  the  vibration  and  repeated  Impacts  or 
shocks.  But  this  would  probably  be  limited  to  those  already  In  pain.  Trauma  would  be 
most  likely  In  the  weight  bearing  tissues  which  are  normally  not  Innervated  and  thus 
likely  to  be  the  sites  of  the  Immediate  pain  that  drivers  commonly  experience. 

If  the  combination  of  static  and  dynamic  compressive  loading  1$  prolonged  then  creep 
effects  may  supervene.  Creep-effects  occur  whenever  the  compressive  load  on  the  disc 
exceeds  the  Interstitial  osmotic  pressure,  whereupon  fluid  Is  expelled;  and  these  effects 
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are  accelerated  when  vibratory  Input  Is  added  to  the  static  compressive  load  (Kazarian 
1972,  1975).  The  disc  becomes  narrowed  and  stiffened  and  the  dynamic  response 
characteristics  of  the  1 ntervertebral  joint  complex  undergo  marked  changes,  one  of  the 
consequences  being  a  lowered  threshold  of  resistance  to  failure.  Nothing,  however, 
appears  to  be  known  of  any  direct  relation  between  the  results  of  such  creep-effects  and 
symptoms . 

An  additional  factor  which  the  epidemiologist  must  bear  in  mind  is  the  activity  of 
the  driver  before  and  after  being  in  the  driving  seat.  Many  professional  drivers  have 
relatively  heavy  manual  handling  tasks  to  perform  which  may  in  turn  Influence  the  symptoms 
associated  with  driving. 

The  hypothetical  causes  of  drivers'  backache  are  limited  to  a  mechanical  irritation 
arising  from  the  Interaction  between  the  driver's  back  and  the  backrest;  to  postural 
stress  leading  to  static,  hypertensive  muscle  pain;  to  the  cumulative  effects  of  the 
vibratory  Inputs  plus  the  impact  shocks;  or  to  aggravation  of  existing  symptoms.  Thus 
the  temporal  pattern  of  the  driver's  symptoms,  the  previous  history  of  lumbar  spinal 
disorders,  the  design  and  layout  of  the  driving  position,  the  driver's  postural  behaviour, 
the  ride  characteristics  of  the  vehicle  and  the  nature  of  the  surfaces  it  traverses  are 
all  relevant  to  the  epidemiologist. 

Epidemiological  Studies 

Driving  has  been  listed  in  a  number  of  studies  as  one  of  the  many  aggravating  factors 
listed  by  patients  with  back  pain  (Kelsey  1975a, b;  Buckle  et  al.  1980;  Frymoyer  et  al . 
1983;  Damkot  et  al.  1984).  Driving  Itself,  though,  was  not  their  main  focus  of  interest. 
Kelsey  &  Hardy  (1975)  undertook  a  clinical  epidemiological  study  and  identified  three 
groups  of  patients  as  confirmed,  probable  or  possible  cases  of  herniated  disc  prolapse 
and  compared  them  with  two  groups  of  patients  to  serve  as  controls.  They  found  that  the 
men  who  spent  more  than  half  their  working  hours  at  the  wheel  were  three  times  as  likely 
to  have  a  prolapsed  i ntervertebra 1  disc.  Buckle  et  al.  (1980)  studied  the  occupational 
factors  involved  in  68  male  back  pain  patients  requiring  hospital  treatment,  and  found 
that  the  70S  of  them  who  were  drivers  averaged  16,754  miles  compared  with  the  national 
average  of  9,000.  Thus  there  is  reliable  evidence  that  in  patients  with  established  back 
pain  for  which  they  sought  hospital  treatment,  driving  was  a  contributory  aetiological 
factor.  But  in  neither  study  was  there  any  differentiation  between  the  types  of  vehicle 
driven. 

Milby  &  Spear  (1974)  reported  on  the  back  pain  and  other  symptoms  reported  by  heavy 
equipment  operators  exposed  to  substantial  vibratory  stress  and  impact-shock  but 
considered  that  the  adverse  effects  of  vibration,  which  they  had  predicted,  were 
concealed  by  the  fact  that  many  of  those  who  were  so  affected  had  moved  to  other  jobs. 
Gruber  (1976)  studied  "vertebrogenic  pain  syndromes"  in  4,353  male  drivers  and  736 
controls  aged  35  to  54  years.  The  drivers  Included  1,099  truck  drivers  engaged  in  local 
delivery,  1,266  long  distance  truck  drivers  and  1,988  bus  drivers.  The  control  subjects 
were  air  traffic  controllers:  a  sedentary  job  but  with  a  different  level  of  decision¬ 
making.  The  incidence  of  "vertebrogenic  pain  syndromes"  in  the  controls  was  not 
significantly  less  than  in  the  long  distance  truck  drivers  but  both  groups  of  truck 
drivers  reported  more  symptoms  than  the  bus  drivers.  But  this  was  a  retrospective 
clinical  study  in  which  unconfirmed  diagnoses  had  been  classified,  allegedly  according 
to  the  ICDA  codes  but  with  degenerative  deformations  of  the  spine  (713.1)  classed  with 
"bone  deformities”  (735-738).  Thus  no  clear  deductions  could  be  drawn  about  the 
aetiological  role  of  either  driving  Itself  or  the  effects  of  vehicle  vibration. 

More  recently  in  Finland,  a  cross-sectional  health  survey  was  made  of  633  male 
drivers  during  the  winter  of  1979/1980  (Backman  1983).  165  were  local  bus-drivers,  122 

long  distance  bus-drivers,  154  stock  delivery  drivers,  159  truck  drivers  and  33  were 
tank-truck  drivers.  The  incidence  of  complaints  of  pain  in  the  shoulders,  neck  and  back 
Increased  with  age.  40*  of  all  drivers  "often  had  back  trouble",  though  it  was  commonest 
In  the  bus  drivers.  Reporting  on  the  same  population,  Backman  et  al.  (1982)  noted  that 
In  the  year  prior  to  the  study  64*  of  all  drivers  had  experienced  some  back  trouble, 
prevalences  of  back  and  sciatic  pain  again  being  higher  in  bus  drivers,  but  absence  from 
work  due  to  back  pain  was  commoner  In  the  stock  delivery  drivers. 

Job-turnover  in  professional  drivers  was  studied  in  1979  in  a  cohort  of  1,453  males 
who  had  joined  their  trade  union  from  1967  to  1969  and  who  lived  in  six  urban 
municipalities  In  Finland  (Backman  &  Jlrvlnen  1983).  1,156  (80*)  responded  and  69*  of 
the  responders  were  still  employed  as  drivers  while  24*  had  changed  to  another  job  and 
7*  had  retired.  "Salary"  and  "heaviness  of  work"  were  the  commonest  reasons  for  changing 
jobs.  The  commonest  change  was  to  driving  buses,  particularly  amongst  the  younger 
drivers  while  the  older  ones  tended  to  change  to  truck  driving,  especially  sand  and  gravel 
transport.  Of  the  66  drivers  who  retired  because  of  Illness  or  accidents.  In  18  cases 
the  reason  given  was  back  pain. 

Discussion 


The  epidemiological  evidence  of  any  causal  relation  between  driving  and  back  pain 
remains  slender.  The  strongest  evidence  concerns  patients  with  back  pain  of  a  severity 
to  warrant  treatment  at  a  hospital:  a  small  proportion  of  the  total  population. 
Nonetheless,  the  fact  that  such  patients  were  found  to  drive,  on  average,  significantly 
more  than  other  people  Indicates  that  driving  may  have  contributed  to  their  back  pain. 
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But  without  prospective  epidemiological  studies  some  doubts  must  remain.  There  appears 
to  be  no  evidence  whatever  of  driving  as  a  primary  cause  of  back  pain,  except  as  a  result 
of  road  traffic  accidents.  Backman  (1983)  did,  In  fact,  report  that  33%  of  drivers  In 
the  cross-sectional  health  survey  had  been  Involved  In  accidents  but  had  given  no 
Information  about  the  Injuries  sustained. 

The  two  surveys  of  drivers  In  the  USA  throw  little  light  on  the  subject;  though 

Mllby  &  Spear  (1974)  did  recognize  the  need  In  future  studies  to  take  account  of  the 

drivers  who  had  left  their  jobs  and  of  the  reasons„for  so  doing.  The  Finnish  survey  of 

the  reasons  for  having  to  change  jobs  (Backman  &  Jarvinen  1983)  did  not  identify  sand 
and  gravel  transport  as  a  particular  risk  for  back  pain  although  it  might  be  thought 
that,  at  least  within  the  territory  of  the  sand  and  gravel  quarries  or  the  delivery-sites, 
ride-characteristics  would  be  bad.  On  the  contrary,  the  middle  aged  drivers  who  changed 
jobs  often  chose  this  work  became,  the  authors  suggested,  the  operation  was  generally 
automatic  and  entailed  little  pnysical  exertion.  It  may  well  be  that  the  number  of 
drivers  who  change  jobs  because  of  back  pain  reflects  the  occurrence  of  back  morbidity 
in  the  population  rather  than  a  causal  link.  Moreover,  those  with  back  trouble  would  be 
likely  to  find  that  the  manual  work  associated  with  driving  was  the  problem  rather  than 
the  driving  Itself. 

The  contributory  role  of  vibration  and  the  shock  of  impact  from  bad  road  surfaces 
remains  unclear.  None  of  the  epidemiological  studies  seen  so  far  have  incorporated  the 
relevant  data  on  occupational  exposure.  It  remains  theoretically  possible  that  subjection 
to  severe  vibration  and  road  shock  may  have  a  cumulative  effect  In  Increasing  the 
susceptibility  to  Injury  but  hard  evidence  is  still  wanted. 

Conclusion 


For  lack  of  better  evidence,  back  pain  when  driving  can  be  classified  in  two  ways. 

In  patients  who  have  sought  treatment  for  their  pain  and  in  whom  the  cause  has  been 
diagnosed  as,  for  example,  herniated  lumbar  disc;  driving  is  likely  to  exacerbate  the 
symptoms  and  may,  conceivably,  have  contributed  to  the  severity  of  the  condition.  In  the 
second  group  of  otherwise  healthy  people  who  experience  back  pain  while  driving  and  in 
whom  symptoms  are  relieved  soon  after  alighting  from  the  vehicle,  the  most  likely  cause 
of  pain  Is  postural  hypertension  of  the  back  muscles,  though  this  remains  to  be 
investigated. 

Prevention  of  symptoms  in  the  second  group  can  be  approached  ergonomically  and  the 
ergonomic  solutions  would  make  driving  more  acceptable  to  the  first  group.  Although 
defensible  epidemiological  evidence  for  the  adverse  effects  of  severe  vibration  and  road- 
shock  Is  still  awaited,  already  a  number  of  ergonomic  solutions  to  the  problem  have  been 
proposed  and,  judging  by  the  reduced  levels  of  discomfort  which  have  been  achieved,  this 
is  a  reasonable  approach.  In  theory,  prevention  of  injuries  and  accidents  should  be  cost- 
effective  and  there  are  substantial  cost  benefits  to  be  gained  from  elimination  of 
occupationally  Induced  musculoskeletal  pain  by  ergonomic  redesign.  If  a  vehicle  is  badly 
designed  and  a  source  of  driver-pain,  medical  costs  may  arise  from  treating  the  driver 
but  additionally,  the  cost  may  be  measurable  in  terms  of  job-turnover  and  the  expense  of 
training  the  replacements.  Possibly,  given  a  large  enough  driver-population,  the  quality 
of  vehicle  design  may  be  reflected  In  the  incidence  of  accidents  and  near-accidents  or 
in  other  measures  of  driving  skill. 
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LANOOLT,  Cf :  How  Important  is  vibration  In  the  genesis  of  backache? 

TROUP,  UK:  The  answer  is  that  I  don't  know,  and  I  am  really  very  unhappy  about  the  epidemio¬ 
logical  evidence,  mainly  because  it  is  not  controlled  (most  of  It)  for  the  other  tasks  which  drivers 
do.  Vibration  on  roads,  on  the  whole,  is  not  serious:  but  vibration  off  the  road  —  on  farms,  in 
forests,  and  on  construction  sites  —  certainly  does  expose  the  driver  to  possible  minor  trauma  and  ac¬ 
cumulative  effects,  such  as  creep  effects  in  the  spine,  and  the  stiffening  and  the  greater  suscepti¬ 
bility  to  injury  which  these  inputs  generate.  My  general  feeling,  speaking  as  a  clinician  as  well  as  a 
biomechanic,  is  that  it  is  off-the-road  driving,  on  seriously  uneven  ground,  on  which  the  body  is 
jolted  sideways,  backwards  and  forwards,  that  is  the  real  problem. 
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Relationships  between  whole-body  vibration  and  disorders 
of  the  backbone  diagnosed  on  operators  of  earth -Moving  Machinery 

Dr.  med.  Georg  Zerlett,  Arzt  fur  Arbeitsmedizin  und  Innere  Medizin,  Hauptabteilung  Ar- 
beitsmedizin,  Rheinische  Braunkohlenwerke  AG,  Wickratherhof weg  27,  D-5000  Koln  40 


SuMsary: 

I  The  study  based  on  interviewing  352  operators  of  earth-moving  machinery  who  had  been  ex¬ 

posed  to  whole-body  vibration  for  at  least  3  years.  A  further  examination  dealt  with  the 
evaluation  of  available  X-rays  showing  different  parts  of  the  spines  of  251  machinery 
operators  who  had  been  exposed  to  vibration  for  at  least  10  years. 

The  discomfort  most  often  mentioned  was  impairment  of  health  and  well-beeing  during  and 
after  the  working  shift  (mentioned  by  75  %  and  59  %  respectively) .  Apart  from  that,  the 
k*  percentage  of  subjects  complaininq  about  spinal  discomforts  was  much  higher  for  the  ex- 

k  posed  group  than  for  the  non-exposed  group  (70  %  and  54  %  respectively). 

Y  The  epidemiologic  study  resulted  in  an  objective  confirmation  of  the  spinal  discomforts 

’  indicated,  2/3  of  which  had  been  related  by  the  operators  to  the  lumbar  spine.  Of  all 

disorders  diagnosed  for  the  operators,  the  lumbar  syndrome  accounted  for  the  greatest 
share  by  far  81  %. 

In  three  cases,  diagnosis  for  the  operators  was  "avulsion  fracture  of  the  spinous  pro¬ 
cessus  of  a  vertebral  body  in  the  cervical  column" . 

The  frequency  distribution  resulting  from  the  radiographic  examination  of  251  earth- 
moving  machinery  operators  with  at  least  a  10  years'  exposure  to  whole-body  vibration 
showed  that  morphological  changes  in  the  lumbar  spine  occur  earlier  and  much  more  fre¬ 
quently  than  in  the  case  of  non-exposed  persons . 


Introduction : 

Driving  and  operating  earth-,  ..vers  gives  to  regular  mechanical  vibration  which  is  re¬ 
ceived  by  the  operator  as  whole-body  vibration.  For  the  different  types  of  machinery 
(wheel-type,  track-type),  the  mean  frequency  ranges  from  1.5  to  10  Hz.  The  vertical 
mechanical  vibration  reaches  the  exposed  person's  body  by  way  of  the  buttocks. 

Since  there  is  a  lack  of  reliable  knowledge  in  the  field  of  occupational  medicine,  par¬ 
ticularly  with  regard  to  lasting  disorders  of  health  suffered  by  peple  exposed  to 
whole-body  vibration  during  work,  we  carried  out  a  large-scale  epidemiologic  study  in 
order  to  try  to  identify  vibration-induces  disorders  of  health. 

The  study  based  on  interviewing  352  operators  of  earth-moving  machinery  who  had  been  ex¬ 
posed  to  whole-body  vibration  for  at  least  3  years.  Additional  information  was  obtained 
from  objective  medical  evidence  relating  to  the  persons  exposed.  A  further  examination 
dealt  with  the  evaluation  of  available  X-rays  showing  different  parts  of  the  spines  of 
251  machinery  operators  who  had  been  exposed  to  vibration  for  at  least  10  years. 

In  a  further  study,  149  operators  of  earth-moving  machines  were  questioned  about  their 
subjective  well-being  immediately  after  the  working  shift.  [1,2] 


Results: 

Subjective  well-being 

The  results  of  the  enquries  among  the  352  operators  of  earth-moving  machines  and  the 
control  group  (Figure  1)  indicate  that  a  comparatively  high  proportion  of  those  exposed 
to  vibration  reported  a  disturbance  in  their  health  or  well-being  during  and  after  the 
shift  and  also  spine-related  discomfort. 


«  •  l$2  Operator*  of  wM-meting  mcfiimcy 


Figure  1: 
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The  localisation  of  the  discomfort  to  individual  segments  of  the  spine  by  the  machine 
operators  questioned  is  illustrated  in  Figure  2.  This  graphic  presentation  shows  clearly 
that  the  lumbar  spine  has  a  far  higher  "sensitivity"  to  whole-body  vibration  stresses 
than  other  segments  of  the  spine  when  the  mechanical  vibrations  are  transmitted  to  the 
body  via  the  buttocks.  In  the  control  group,  the  proportion  of  persons  reporting  dis¬ 
comfort  in  the  irea  of  the  cervical  and  thoracic  spinal  column  was  actually  higher  than 
in  the  group  exposed  to  vibration. 


Figure  2: 

Comparison  of  discomforts  in  the 
area  of  individual  segments  of  the 
spinal  column  between  operators  of 
earth  moving  machines  and  the 
control  group 
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The  aim  of  questioning  the  149  operators  of  earth  moving  machines  immediately  after  an 
eight  hour  shift  was  primarily  to  discover  any  discomforts  which  could  be  casually  re¬ 
lated  to  exposure  to  whole-body  vibration.  The  attempt  to  assign  discomfort  to  specific 
types  of  earth-moving  machine  proved  to  be  infeasible  as  the  operators  of  the  earth- 
moving  machines  in  this  team  operated  various  types  of  earth-moving  machine  alternately 
during  their  shift.  As  Figure  3  shows,  "back  pains"  (45  %)  was  the  discomfort  most  fre¬ 
quently  reported . 

n  ■  119 


Figure  3s 

Questioning  of  operators  of  earth- 
moving  machines  about  discomfort 
immediately  after  exposure  to 
whole-body  vibrations  for  eight 
hours 
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A  differentiation  of  the  operators  of  earth-moving  machines  into  those  primarily  opera¬ 
ting  wheel-mounted  machines  and  those  operating  crawler-mounted  machines  revealed  no 
appreciable  difference  in  the  frequency  of  back  pains  reporced.  The  only  noticeable 
difference  was  that  in  the  group  of  crawler-mounted  machine  operators,  paresthesia  of 
the  limbs  occurred  considerably  more  frequently  (wheel-mounted  machine  operators  18  %  , 
crawler-mounted  machine  operators  28  %). 

Clinical  results  and  X-ray  findings 

The  comparative  presentation  in  Figure  4  takes  into  consideration  only  such  pains  and 
discomforts  for  which  a  causal  relationship  with  the  whole-body  vibration  ,oad  was  con¬ 
ceivable  . 

Lumbar  syndrome,  with  81  *,  was  the  primary  cause  of  health  impairment  among  the  opera¬ 
tors  of  earth-moving  machines.  Among  the  workers  of  the  control  collective  not  exposed 
to  vibration,  on  the  other  hand,  this  diagnosis  was  found  in  only  53  %  of  cases. 

The  diagnosis  "lumbar  syndrome"  covers  all  the  symptoms  which  are  caused  directly  or 
indirectly  by  degenerative  lesions  of  the  lumbar  disks. 
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Figure  4s 
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These  include,  in  particular,  spondylosis  of  the  lumbar  column  (disk  degeneration  with 
reactive  spurring  at  the  edges  of  the  spine),  spondylarthrosis  of  the  lumbar  spine 
(degenerative  changes  in  the  spinal  column,  generally  due  to  disk  degeneration)  and  the 
spondylochondrosis  of  the  lumbar  spine  (disk  degeneration  involving  the  adjoining  upper 
and  lower  plates  of  the  vertebral  body) ,  insofar  as  these  lesions  had  led  to  radiologic- 
ally  demonstrable  morphological  changes  in  the  spinal  column,  and  were  associated  with 
disk-related  complaints  (pains  or  functional  disturbances  of  the  lumbar  spine) .  Clinical 
symptoms  such  as  ischialgia  (lumbar  syndrome  involving  the  sciatic  nerve)  and  lumbago 
(acute  form  of  lumbar  syndrome)  were  also  included.  Spondylolisthesis  was  also  included 
under  lumbar  syndrome. 

The  occupational  load  on  the  operators  of  the  earth-moving  machines  caused  by  mechani¬ 
cal  vibrations  appears  to  cause  a  considerably  smaller  strain  on  the  cervical  column, 
since  the  number  of  cases  of  cervical  syndrome  in  the  group  of  earth-moving  machine 
operators  and  the  control  group  was  equally  high.  Three  persons  in  the  group  of  earth- 
moving  machine  operators  received  the  remarkable  diagnosis  "avulsion  fracture  of  the 
spinous  process  of  a  vertebra  in  the  cervical  column"  (see  Figure  5).  This  diagnosis  of 
damage  to  the  cervical  column  was  confirmed  by  X-ray. 


Figure  5: 

Avulsion  fracture  of  the  spinous 
process  of  the  7th  thoracic  vertebra 
in  an  earth-moving  machine  operator 
as  a  result  of  whole-body  vibration 
loads 


A  similar  statement  can  be  made  for  the  results  of  examinations  in  the  area  of  the 
thoracic  column. 

Figure  6  shows  the  radiologically  proven  morphological  changes  in  the  lumbar  spine  as  a 
function  of  age. 


Figure  6: 

Radiologically  demon¬ 
strable  morphological 
changes  in  the  lumbar 
spine  (wear)  on  earth- 
moving  machine  opera¬ 
tors  with  at  least  10 
years  exposure  to 
whole-body  vibrations 
and  of  a  control  group 
not  exposed  to  vibra¬ 
tion  loads  (distribu¬ 
tion  according  to  age 
groups).  The  results 
are  compared  with  the 
"morphological  re¬ 
sults*  of  the  thoracic 
and  cervical  columns 
of  average  population 
as  studied  by  JUNG- 
HANNS  (1931)  [3) 


% 


Age  group 
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The  differences  between  the  frequency  of  pathological  results  for  the  operators  of 
earth-moving  machines  and  for  the  control  group  are  statistically  significant  at  the 
0,1  %  level . 

These  results  were  compared  with  the  morphological  results  for  the  spine  among  the 
average  population  according  to  Junghanns  (1931). [3] 

The  values  for  our  control  group  evidently  coincide  very  well  eith  the  values  for  the 
average  population  in  Junghanns.  In  contrast,  the  radiologically  proven  changes  to 
the  lumbar  spine  of  the  earth-moving  machine  operators  examined  by  us  occurred  prema¬ 
turely  and  more  frequently. 
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LANDOLT,  CA:  In  what  way  is  your  control  group  comparable  to  the  vibration-exposed  group?  For 
Instance,  did  your  control  group  take  similar  seating  postures  to  your  machine  operators? 

ZERLETT,  GE>  For  the  control  group  of  n on-exposed  people,  it  was  guaranteed  that  there  was  no 
exposure  to  whole-body  vibration.  The  average  age  of  the  exposed  people  was  about  42  years,  and  the 
age  distribution  was  similar  in  both  groups.^  I  cannot  say  that  the  seat  posture  was  identical  in  all 
cases:  but  I  can'  say  that  most  of  the  subjects  took  a  similar  seating  posture. 
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L'ENVIRONNEMEHT  VIBRATOIRK  AD  POSTS  DE  COHDDITE 
DBS  ENGINS  DB  TERRASSEMEHT 
par 

P.  Boulanger,  P.  Donatl,  J.P.  Galmlche  et  L.  Roure 
INSTITUT  NATIONAL  DE  RECHERCHE  ET  DE  SECUP.ITE 
Avenue  de  Bourgogne 
Vandoe  uvre-Le  s-Nancy 
54500 
France 


RBSUME  :  Des  aesures,  effectuAes  en  collaboration  avec  des  constructeura  et  dee  utlllsateurs  d'englns  de 
terraaseaent,  ont  perala  A  1'I.N.R.S.  d'une  part  de  dreaaer  un  bllan  de  la  contralnte  vibratolre  au  poate 
de  condulte  d'environ  70  engine  de  terraaaeoent  dlffArents,  actuellement  utilises  en  France,  d'autre  part 
d'Avaluer  1'efflcacltA  de8  suspensions  des  slAges  qul  lea  equlpent.  Lea  aesures  d' acceleration  ont  AtA 
effectuAes  sur  l'asslse  du  slAge  et  A  sa  base  de  fixation,  selon  trols  axes  orthonormAs.  Plus  de 
150  essals  ont  AtA  rAalisAs  pour  avoir  un  Achantlllonnage  couplet  des  prlnclpales  tAches  que  peuvent 
effectuer  les  vAhlcules  concernAs.  D'aprAs  la  norae  AFNOR  NF  E  90-401,  lea  contralntes  vlbratolres  glo- 
bales  rencontrAes  pour  les  vAhlcules  nontAs  sur  pneuoatlques  en  phase  de  rouleaent  (tombereaux  et  camions 
tous  chealns,  dAcapeuses  automotrlces ,  chariots  automoteurs,  etc.,.)  sont  globaleaent  plus  sAvAres  que 
celles  trouvAes  pour  les  pelles  hydraullques  et  chargeuses-pelleteuses,  lore  du  creuseaent  de  tranchAes. 
SI  l'on  excepte  les  vAhlcules  effectuant  des  tAches  de  creuseaent,  reprise  au  tas  ou  rlppage,  les  vibra¬ 
tions  dlrlgAes  selon  l'axe  vertical  sont  gAnAraleaent  prAdomlnantes.  De  plus,  les  rAsultats  aontrent  que 
les  suspensions  vertlcales  des  si Ages ,  Aqulpant  les  vAhlcules  testAa,  notaaaent  ceux  aontAs  sur  pneuma- 
tiques  sont  frAqueaaent  InadaptAes.  II  y  a  done  lieu  d'appilquer  le  code  d'essals  de  slAges  dAflnl  par  la 
norae  franqalse  AFNOR  E  58-074  pour  les  englns  de  chantler.  Les  aesures  effectuAes  A  la  base  du  slAge  ont 
perals  dans  l'enseable,  de  valider  la  pertinence  des  classes  apectrales  des  processus  vlbratolres  prAco- 
nlsAs  par  cette  norae  pour  effectuer  en  laboratoire  les  essals  de  slAges  blen  que  quelques  modifications 
solent  suggArAes.  En  partlculler,  11  est  proposA  d'lnclure  les  tombereaux  et  camions  de  chantler  et  de 
crAer  deux  nouvelles  classes  pour  prendre  en  compte  les  vibrations  horlzontales  lorsque  celA  s'avAre 
nAcessalre. 

ABSTRACT  :  Measurements  made  with  manufacturers  and  users  enabled  I.N.R.S.  to  evaluate  the  vibration 
exposure  at  the  workplace  of  about  70  different  off-road  machines  presently  used  in  France  and  the  effi¬ 
ciency  of  machine  suspension  seats.  Measurements  were  obtained  from  accelerometers  mounted  trlaxlally, 
placed  on  the  seat  pan  and  on  the  floor  beneath  the  seat.  More  than  150  runs  were  performed  to  consider  a 
range  of  typical  operating  conditions  of  vehicles  studied.  According  to  the  standard  AFNOR  NF  E  90-401 
the  vibration  exposures  measured  on  running  vehicles  fitted  with  pneumatic  tyres  (dumpers  and  off-road 
trucks,  tractor  scrappers,  off-road  fork  lift  trucks,  etc...)  were  greater  than  those  recorded  In  exca¬ 
vators  and  back-hoe  loaders  while  digging  trenches.  The  drivers  were  exposed  mainly  to  vertical  vibration 
unless  the  vehicles  were  used  for  excavating  or  scraping.  In  addition,  the  results  show  how  poor  is  the 
Isolation  provided  by  the  seat  vertical  suspension  systems  which  equipped  the  vehicles  tested  especially 
those  fitted  with  pneumatic  tyres.  This  proves  the  necessity  to  apply  seat  test  code  as  defined  by  the 
French  standard  AFNOR  E  58-074  for  off-road  machines.  The  measureisents  made  on  the  floor  beneath  the  seat 
generally  validate  the  pertinence  of  Input  vibration  spectral  classes  recommended  by  this  standard  to  test 
seats  In  laboratory  although  some  modification  are  suggested.  Particularly,  it  Is  proposed  to  Include  the 
dumpers  and  off-road  trucks  and  to  define  two  new  classes  to  take  Into  account  horizontal  vibrations  when 
necessary. 


INTRODUCTION 

La  condulte  d'englns  de  chantler  concerns  un  nombre  Important  de  travallleurs  pulsqu'on  peut  estlmer, 
rlen  que  pour  la  France,  le  pare  des  englns  A  environ  150  000,  parml  lesquels  plus  de  20  000  pelles 
hydraullques,  40  000  chargeuaes  et  chargeuses  pelleteuses,  40  000  chariots  AlAvateurs  tous  terrains, 
5  000  tracteurs  sur  chenilles,  etc.  [lj.  Les  conducteurs  sont  astrelnts  A  des  conditions  de  travail 
rendues  souvent  pAnlbles  par  les  paramitres  de  l'envlronnement  physique  et  les  caractArlstlques  ergono- 
mlques  du  poate  de  condulte,  ce  qul  expllque  la  dAsaffectlon  observAe  pour  ce  mAtler  avec  1'anclennetA. 

Cette  constatatlon  a  amen A  1'I.N.R.S.  A  entreprendre  1'Atude  des  nlveaux  de  bruit  [2J  et  de  vibra¬ 
tions  [ 3J  pen;  us  au  poste  de  condulte  des  englns  de  terrassement,  en  collaboration  avec  des  constructeura, 
des  lmportateurs  et  des  utlllsateurs  de  matArlel.  Le  prCsent  article  ne  concerns  que  la  partle  vibration 
de  cette  Stude. 

Les  vibrations  transaises  A  l'enseable  du  corps  sont  gAnAraleaent  consldArAes  coaae  une  cause  de 
stress  gtnArallsA.  En  effet,  11  est  difficile  de  dAflnlr  des  effets  physlologlques  chronlques  prAcla  car 
elles  aglssent  staultanSment  sur  de  multiples  organes.  Cecl  expllque  que  l'on  connaisse  trAa  aal  les  pro- 
blAmes  de  santA  qul  affectent  les  personnes  exposies.  One  enqulte  effectuAe  par  le  NI0SH  (Instltut 
National  de  la  Santi  et  de  la  Sicurlti  du  Travail  das  Etats-Unls),  portant  sur  3  900  dossiers  aidlcaux,  a 
perals  d'ldentlfler  chez  les  opirateurs  d'englns  les  symptbmas  sulvants  :  problAaes  digestifs,  gin.to- 
urlnalres,  lntesttnaux,  affections  d'ordre  ausculo-squelettlque  et  cardlaque,  tension  au  travail  [4J .  On 
notera  nianaolns  que  l'augaentation  du  taux  de  aorbldlti  observAe  dans  la  profession  pour  ces  pathologies, 
n'est  pas  supirleure  1  celle  constatie  pour  des  travallleurs  non  exposis  A  des  vibrations,  du  fait  que  la 
probeblllti  de  quitter  son  saplol  est  plus  forte  pour  des  conducteurs  aalades  que  pour  des  travallleurs 
eidentalres  attaints  des  mimes  syaptBaes  [3j. 

Les  travaux  entreprls  par  1'I.N.R.S.  pour  aaillorar  1'hyglAne  au  travail  des  conducteurs  d'englns, 
sont  basis  sur  l'a  priori  que  la  riductlon  de  la  contralnte  vibratolre  entralnera  autoaatlqueaent  la  dial- 
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nutlon  de  l'astrelnte.  L' intensity  de  la  vibration  peut  2tre  attgnuge  2  diffgrents  Stages  :  2  la  source 
(plangltg  des  pistes...),  au  niveau  de  la  suspension  de  la  calsse  (la  plupart  des  vghicules  tous-terrains 
ne  sont  pas  encore  pourvus  de  suspensions  e f f lcaces ) ,  des  pneumatlques ,  de  la  suspension  de  la  cablne  et 
du  slige  [l  et  6J .  Mala  l'gtage  le  plus  important  pour  le  prgventeur,  2  l'heure  actuelle,  est  celui  cons- 
tltug  par  le  slSge  car  : 

-  11  reprgsente  l'ultloe  maillon  qul  sipare  l'homme  de  la  machine  ; 

-  11  est  ggngralement  le  molns  cher  ; 

-  11  est  le  seul  sur  lequel  on  peut  pratlquement  aglr  aprSs  la  realisation  de  l'engin. 

C'est  pourquol,  l’gtude  prgsentge  dans  cet  article,  vise  les  deux  objectifs  suivants  : 

(a)  Comparer  les  contralntes  vibratolres  relevSes  au  poste  de  conduite  des  prlncipaux  engine  de  chantler 
actuellement  utilises  en  France. 

(b)  Nesurer  l'efficacite  des  suspensions  des  siSges  equlpant  ces  engins,  dans  des  conditions  rgelles 
d 'utilisation,  et  gvaluer  la  pertinence  des  classes  spectrales  des  vibrations  d'excltatlon  contenues 
dans  le  code  d'essai  de  s!2ges  d'engins  de  terrassement  (norme  franqalse  expgrlmentale  E  58-074  [7j. 


1.  MATERIEL  ET  METHODS 

1.1.  Materiel 

1.1.1  Selection  des  engins  retenus  pour  la  conduite  de  l'gtude 

Des  discussions  avec  les  professlonnels  ont  dgbouchg  sur  la  selection  de  70  engins  diffgrents  de 
faqon  2  couvrir  les  types  de  machines  les  plus  couramment  utllisges  sur  les  chantiers  (pelles  hydrau- 
llques,  bouteurs,  chargeuses,  chargeuses-pelleteuses ,  nlveleuses,  dgcapeuses  automotrices,  tombereaux, 
camions  tous  chemins,  chariots  glgvateurs  de  chantler)  parml  les  marques  et  moddles  diffuses  en  France 
(voir  tableau  1).  En  dgplt  du  nombre  d'engins  testgs,  l'gtude  ne  prgtend  8tre  ni  exhaustive,  ni  represen¬ 
tative.  Mals  elle  a  le  mgrite  de  fournir  une  photographic  vralsemblable  du  pare  actuel  franqals. 

1.1.2.  Definition  des  conditions  d'utlllsatlon 

II  est  bon  de  rappeler  let,  la  phllosophle  de  la  France  en  matlgre  de  code  d'essai  en  vibration  des 
sl2ges  d'engins  de  chantler  pulsque  cet  aspect  a  fortement  conditionng  le  plan  experimental  de  l’gtude. 

-  Le  slSge  dolt  avoir  un  comportement  dynamique  in  situ  satisfalsant  dans  tous  les  cas  et  plus  partlcu- 
liSrement  dans  des  conditions  de  solllcitatlons  difficiles  qui  sont  2  l'origine  des  niveaux  vibratolres 
les  plus  glevgs. 

-  C'est  pourquol,  on  borne  le  p rob lime  par  la  sgvgrltg  vlbratoire  des  tgches  typiques  retenues  (11  peut  y 
en  avoir  plusleurs). 

-  Sous  ces  conditions,  l'intensltg  des  vibrations  transmlses  par  le  sgant  au  conducteur  suivant  l'axe 
sgant-tSte  ne  d„it  pas  dgpasser  lors  des  essals,  la  valeur  de  1,25  m/s2  (cf.  la  norme  franqalse 
NF  E  58-050  [ 8J  et  la  directive  europgenne  CEE  L  255  [ 9J ,  relative  aux  tracteurs  agricoles).  II  s'aglt 
d'une  valeur  limite  et  non  pas  d'une  valeur  moyenne  acceptable  8  heures  par  jour. 

-  Les  essals  sont  effectugs  en  laboratolre  sur  un  slmulateur  de  vibrations.  La  norme  E  58-074  dgfinit 
4  classes  spectrales  de  vibrations  d'entrges  vertleales  en  fonction  des  espgces  d'engins. 

(a)  Rgglage  des  slgges- 

On  a  vgrlfig  que  les  sigges  ne  prgsentalent  pas  d’anomalle  flagrante  de  fonctlonnment  statlque  et 
qu'lls  gtalent  correctement  flxgs  sur  le  plancher  du  poste  de  conduite.  Lorsqu'ils  etalent  pourvus  de 
rgglages  (poids,  hauteur,  longitudinal),  les  slgges  gtalent  ajustgs  selon  les  prgfgrences  du  conduc¬ 
teur,  des  prgcautlons  gtant  prises  pour  minlmiser  les  risques  de  fonctionnement  anormal  en  rggime 
dynamique. 


Engins 

Nombre 

d'engins 

Nombre  de 
marques 
dif fgrenteS 

T2che8 

Pelle  hydraullque 

19 

6 

creu8ement 

Bouteur 

11 

5 

rippage,  dgcalssement, 
roulement 

Charge use 

13 

8 

roulement 

Chargeuse-pelleteuse 

7 

4 

reprise  au  tas, 
roulement 

Niveleuse 

4 

3 

nivellement 

Dgcapeuse  automotrlce 

2 

2 

dgcapage,  roulement 

Tombereau  et  camion  tous  chemins 

6 

4 

roulement 

Chariot  tous  terrains 

8 

4 

roulement 

TOTAL 

70 

Tableau  1  -  Rgpartltlon  des  engins  testgs 
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(b)  Cholx  des  cycles  de  travail. 

A  dAfaut  de  cycles  de  travail  normalises,  les  configurations  expArlmentales  retenues  ont  AtA  celles 
qul  sont  les  plus  representatives  des  conditions  reelles  de  travail  (cf.  tableau  1).  Ainsl,  pour  les 
pelles  hydraullques,  les  phases  de  roulement  n’ont  pas  AtA  prises  en  consideration.  Les  paramAtres 
lies  au  site  experimental  (relief,  nature,  granulometrle  et  durete  du  sol,  etc.)  n'etant  nl  maltrl- 
sables,  ni  alsement  mesurables,  11  a  AtA  decide  de  s'en  tenlr  A  la  notion  de  "conditions  courantes  de 
chantiers"  pour  l'execution  des  essals. 

(c)  Instructions  donnees  aux  conducteurs. 

Avant  les  essals,  on  a  demande  aux  conducteurs  (les  vehlcules  6taient  conduits  par  les  operateurs 
habitue Is)  : 

-  de  maintenir  un  "rythme  de  travail  soutenu  et  reguller”,  le  but  vise  Atalt  d'obtenlr,  d’une  part  un 
regime  vibratoire  le  plus  stationnalre  possible  et  d'autre  part,  un  "majorant"  de  la  contrainte 
vlbratolre  correspondant  sensiblement  A  une  journAe  normale  de  travail.  Pour  chaque  configuration 
experimental,  la  duree  des  echantillons  preieves  en  regime  stabilise  de  vibrations  etalt  de 
l'ordre  de  5  minutes  ; 

-  d'eviter  d'exclter  le  slAge  par  actions  brutales  sur  les  commandes  ou  modifications  posturales 
Import antes. 

1.2.  Methode 

1.2.1.  Mesure  des  vibrations 

Les  mesures  de  vibrations  ont  €t e  realisees,  en  application  des  normes  Internationales  et  franqalses, 
relatives  A  revaluation  de  l'exposltion  des  lndivldus  A  des  vibrations  globales  du  corps  (normes 
ISO  2631  [10]  et  AFNOR  NF  E  90-401  [  11  ]  et  au  code  d'essai  de  slAges  en  vibration  (normes  AFNOR 
NF  E  90-451  [ 12  ]  et  expArlmentale  E  58-074).  Les  mesures  ont  £t8  prises  : 

-  sur  l'asslse  du  slAge  au  moyen  d'une  Interface  de  mesure  seml-rlglde  (contenant  3  accAlAromAtres  Schlum- 
berger  CD  0223/S  llnAalres)  placAe  entre  la  sellerle  et  le  sAant  du  conducteur  sous  les  tub£roslt£s 
lschlales  ; 

-  A  la  base  du  slAge  au  moyen  de  3  accAlAromAtres  llnAalres  slmllalres  flxAs  a  . 'aide  d'un  almant  (ayant 
une  force  d'attractlon  d'envrron  1  000  N)  sur  la  partle  rlgide  la  plus  proche  de  l'amarrage  du  slAge  sur 
le  plancher  de  la  cablne. 

Les  accAlAromAtres  linealres  avalent  leurs  axes  senslbles  orlentAs  selon  un  trlAdre  orthonormA  : 

-  axe  X  :  direction  avant-arrlAre 

-  axe  Y  :  direction  latArale 

-  axe  Z  :  direction  vertlcale. 

Les  slgnaux  analoglques  correspondants  ont  AtA  enreglstrAs  sur  bandes  magnAtlques  pour  Stre  analyses 
en  temps  dlffArA.  Pour  les  vAhlcules  Avoluant  au  point  fixe  ou  sur  un  trAs  falble  rayon  d'actlon,  les 
liaisons  entre  les  chalnes  de  mesure  et  l'enregistreur  ont  AtA  effectuAes  par  cAbles.  Pour  les  autres 
engine ,  on  a  utlllsA  une  tAlAmesure  ayant  une  bande  passante  de  0,1  A  250  Hz  et  dont  la  portAe  Atalt  d'en- 
viron  200  mAtres  en  terrain  dAcouvert. 

1.2.2.  Calcul  des  valeurs  caractArlstlques. 

Les  enregi8trements  accAlAromAtrlques  ont  fait  l'objet  des  dApoulllements  et  calculs  sulvants  : 

(a)  Spectres  frAquentlels  et  courbes  enveloppes.  Les  densitAs  spectrales  de  puissance  (D.S.P.)  des  acc£- 
lAratlons  mesurAes  sur  l'asslse  du  slAge  et  sur  le  plancher  ont  AtA  calculAes  sur  un  analyseur  de 
Fourier  GENRAD  raodAle  GR  2506,  A  deux  voles  d'acqulsltlon  slmultanAes.  Les  Achantlllons  d'une  durAe 
de  300  secondes  ont  AtA  analysAs  dans  la  bande  frAquentlelle  0-80  Hr .  La  frAquence  d’Achantillonnage 
Atalt  de  205  Hz  et  le  nombre  de  moyennes  60,  ce  qul  a  perais  d'obtenlr  une  rAsolutlon  de  0,2  Hz.  II 
n'a  pas  AtA  utlllsA  de  fenAtre  de  Hanning. 

En  outre,  pour  chaque  espAce  d'englns  et  chaque  tAche,  on  a  regroupA  les  dlverses  D.S.P.  des  accAlA- 
ratlons  mesurAes  sur  le  plancher  et  on  a  calculA  les  courbes  enveloppes  maxlmales,  moyennes  et  mini- 
males  correspondantes. 

(b)  Valeurs  efflcaces  des  accAlAratlons  llnAalres  pondArAes  et  des  accAlAratlons  Aqulvalentes.  La  pondA- 
ratlon  frAquentlelle,  reprAsentatlve  des  dlffArences  de  sensibilitA  de  l'homme  aux  vibrations  in 
fonctlon  de  la  frAquence  et  de  la  direction,  a  AtA  effectuAe  au  niveau  des  dlffArentes  D.S.P.,  dea 
accAlAratlons  llnAalres,  conforaAment  1  la  norme  ISO  2631.  Les  valeurs  efflcaces  des  accAlAratlons 
pondArAes  correspondantes  (a  ,  aw  et  aWI)  ont  AtA  dAdultes  par  IntAgratlon  de  ces  D.S.P.  ainsl 
modlflAes.  L'accAlAratlon  Aqui  valent  e,  au  niveau  de  l'asslse  du  slAge,  a  AtA  calculAe  A  partlr  de  la 
formule  prAconlsAe  par  la  norme  AFNOR  NF  E  90-401  : 

•eq  "  '  *Sz  +  2  «wx  +  2  «vy 

(c)  Rapports  de  transmission  vlbratolre  entre  slAge  et  plancher  ou  entre  axes  dlffArents  : 

-  L'Avaluatlon  de  1'efflcadtA  des  systAmes  antlvlbratlles  des  slAges  selon  l'axe  vertical  s'est 
faite  au  moyen  du  rapport  sulvant  : 

R  .  *ws.t 

■  Sp.g 

avac  aWf  at  av_  f  correspondant  raspectlvament  aux  accAlAratlons  afflcaces  pondArAes  selon 
l'axe  z  relevAes  aV  niveau  da  l'asslse  du  slAge  et  du  plancher  (cf.  norme  AFNOR  NF  E  90-451).  SI  R, 
est  supArleur  A  1,  on  consldAre  qua  le  slAge  globalamant  ampllfle  ;  par  contra,  si  R_  est  InfArleur 
A  1,  le  slAge  attAnue  1'lntensltA  vlbratolre. 

-  II  Atalt  en  outre  IntAressant  da  connaltre  la  direction  ou  les  directions  prlvllAglAes  de  vibra¬ 
tions.  Pour  celA,  on  a  calculA,  au  niveau  de  l'asslse  du  slAge,  le  rapport  R,  t|  dAflnl  par  la 

formule  :  R.  svec  :  1  •  X  ou  T. 


Acceleration  equivalence  (a/s2 ) 


2.  KSDLTATS  DBS  MESCBES 

Plus  de  ISO  essais  ont  §t6  effectues  pour  couvrlr  lea  differences  tiches  que  peuvent  effectuer  les 
70  vehicules  testes.  Chaque  essai  a  fait  l'objet  de  deux  flches  lndlvlduelles  de  resultats  coaportant  des 
precisions  pour  chacun  des  engins  testes,  les  valeurs  des  grandeurs  cltees  dans  le  paragraphe  1.2.2  et  les 
courbes  de  D.S.P.  Les  resultats  presentes  dans  cet  article  constituent,  pour  l'essentlel,  une  synthise  de 
ces  flches. 

2.1.  Evaluation  de  la  contralnte  vlbratotre  au  poste  de  condulte  en  reference  3  la  norae  ISO  2631. 

(a)  Acceleration  6qulvalente.  La  figure  1  montre  que  les  lntenslt6s  les  plus  sivirea,  relevees  sur 

l'asslse  du  slige,  sont  g€n6ralenent  rencontries  pour  les  vehicules  montis  sur  pneuaatlques  en  phase 
de  rouleaent,  la  contralnte  etant  parfols  Incompatible  avec  la  duree  courante  d'un  poste  de  travail. 
En  effet,  des  accelerations  equivalences  de  plus  de  2  m/s2  ont  ete  trouvees  sur  1  des  2  decapeuses, 
sur  4  des  6  tombereaux  et  camions  de  chantler  et  sur  5  des  8  chariots  6tudl6s,  ce  qul  n'autorlseralt 
sous  ces  conditions  que  des  temps  d'expositlon  de  molns  de  2  heures,  en  reference  3  la  norae  fran- 
qalse  NF  E  90-401.  En  moyenne,  les  nlveaux  oesuris  sur  les  engins  montis  sur  chenilles  (chargeuses  et 
bouteurs)  sont  de  l'ordre  de  1,2  m/s2 ,  quelle  que  solt  la  tiche  effectu8e  (rouleaent,  reprise  au  tas, 
>  etc.).  Les  contralntes  vlbratolres  globales  les  plus  faibles  (environ  0,6  -  0,8  a/s2)  ont  8t6  obte- 

nues  pour  les  pelles  hydraullques  et  chargeuses-pelleteuses,  lors  du  creusement  de  tranchees  au  point 
fixe  et  pour  les  nlveleuses. 
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Figure  1  : 

Comparalson  des  accele¬ 
rations  equivalences 
aoyennes  relevees  au 
poste  de  condulte  des 
divers  engins  etudies 
par  : 


(^LundstrHn  et  Llndberg 
01'I.N.R.S. 
(^^r6sultats  identiques. 


Espice  d 'engins 


(b)  Direction  d'expositlon  prlvll6gl6e  au  niveau  de  l'asslse  du  sl3ge.  D’une  faqon  ginerale,  les  accele¬ 
rations  efflcaces  pond6r6es  en  lntenslte  et  en  frequence  sont  du  aiae  ordre  de  grandeur  sulvant  les 
axes  X  et  Z  (cf.  figure  2a  et  b).  On  note  cependant,  une  predominance  de  l'axe  Z  pour  les  vehicules 
aontCs  sur  pneuaatlques  effectuant  prlnclpaleaent  du  rouleaent  et  de  l'axe  X  dans  le  cas  des  pelles, 
chargeuses-pelleteuses,  bouteurs  et  chargeuses  sur  chenilles  en  phase  de  creusement,  reprise  au  tas 
ou  dicalsseaent. 

Ces  reaarques  quant  3  la  predominance  d'une  direction  par  rapport  3  une  autre,  ne  sont  valables  que 
pour  les  vibrations  relevies  au  niveau  de  l'asslse  du  sl3ge.  Au  niveau  du  plancher,  les  caractirls- 
tlques  vlbratolres  sont  dlffCrentes  car,  d'une  part,  on  supprlae  l'effet  du  sl3ge  et  d'autre  part,  la 
position  du  point  de  aesure  par  rapport  aux  centres  de  tangage,  de  roulls  et  de  lacet  est  dlffSrente. 
Les  lntensltis  des  accelerations  efflcaces  pondCrCes  re levies  sulvant  les  axes  X  et  Y  sont,  dans 
l'enseable,  slgnlf lcatlveaent  correiees  3  celles  relevees  sulvant  l'axe  vertical  (p  <  0,05).  Cette 
constatatlon  n'est  pas  vrale  quand  l'axe  X  est  compare  3  l'axe  Z  dans  le  cas  des  engins  montCs  sur 
chenilles  qul  sont  aments  1  effectuer  des  tiches  de  poussage,  rlpage,  reprise  au  tas,  pour  lesquelles 
les  efforts  s'opirent  longltudlnaleaent. 

2.2.  Efflcaclte  des  sliges  pour  attenuer  les  vibrations  transalses  au  conducteur 

La  plupart  das  engins  CtudlCs  Ctalent  iqulpia  d'un  slige  muni  d'un  systiae  antlvlbratlle  salon  l'axe 
vertical  Z  (suspension  mtcanlque  souple  et/ou  dans  certains  cas,  garnlssage  de  la  sellerle).  Par  contra, 
aucun  des  sliges  testis  n'Ctalt  dot!  d'une  suspension  avant-arrlire.  La  figure  3  rtcapltule  les  valeurs  du 
rapport  de  transmission  Rf  obtenues  entre  l'asslse  du  slige  et  le  plancher. 


Rapport  aoyen  de  transmission  verticale 
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P  :  pelles  Chc  :  charge uses /chenilles  C  :  chariots 

N  :  nlveleuses  CP  :  chargeuses-pelleteuses  T  :  toebereaux 

B  :  bouteurs  Chp  :  chargeuses/pneus  D  :  ddcapeuses 


Figure  2  :  Comparalson  dea  valeurs  moyennes  des  accelerations  efflcaces  ponddrdes  en  frequence  et  en 
Intensity  relevdes  sulvant  l'1  axe  avant-arrldre  [a)j  ou  lateral  [b)J  par  rapport  B  l’axe 
vertical.  Compgralson  entre  lea  rdsultats  noyena  de  lundstrttm  et  Llndberg  (  P  )  et  de 
1’I.N.R.S.  (  (?)  ). 


0.5  1.0  1.5 

Acceleration  verticals  efflcace  pondCrCa  moyenne  aw>> 
aesurCc  sur  1 'assise  du  stige. 


Valeurs  moyennes  prises  par  le 
rapport  de  transmission 
verticale  (Rt)  en  fonctlon  de 
l’espdce  des  engtns. 
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On  notera  que  : 

-  Ce  sonC  les  engine  nontEs  sur  pneuaatlques  qul  prfisentent  le  plus  de  problEaes  Etant  donnfi  lea  valeurs 

ElevEes  de  1'accElEratlon  Equivalence-  En  effet,  les  slSges  de  plus  de  80  X  des  vEhlcules  de  ce  type 

falsalent  de  la  surCension.  Cette  observation  s'expllque  alsSaent  par  des  considerations  relatives  3  la 
distribution  de  l'Energle  vlbratoire  en  fonctlon  de  la  frequence.  En  effet,  les  engine  nontEs  sur  pneu- 
aatlquea  ont  un  spectre  vlbratoire  riche  en  basse  frequence  de  1  1  3  Hi.  Pour  attEnuer  de  telles  vibra¬ 
tions,  11  faut  une  suspension  relatlvenent  sophlstlquEe  3  grand  dEbatteaent,  ce  qul  n'est  pas  toujours 
possible  vu  les  contralntes  de  place  et  les  exigences  de  condulte. 

-  Lea  engins  nontEs  sur  chenilles  sont  gEnfiraleaent  EquipEs  de  slEges  qul  attEnuent  globaleaent  l'inten- 

sltE  vlbratoire  selon  l'axe  Z.  Ces  engins  ont  un  spectre  vlbratoire  unifornEaent  rEparti  entre  1,5  et 

10  Hz.  Or,  la  plupart  des  suspensions  que  l'on  trouve  dans  le  conaerce,  attEnuent  les  vibrations  3 
partlr  de  2,5  -  3  Hz.  C'est  pourquol  les  valeurs  de  R^  obtenues  pour  ce  type  de  vEhicule  sont  inf£- 
rieures  3  1'unltE.  Cependant,  aEae  pour  ces  engins,  les  vibrations  en  dessous  de  3  Hz  sont  anpllflSes, 
le  rapport  R  ne  tradulsant  qu'une  aoyenne  globale  sur  toute  la  plage  frEquentlelle  1  -  80  Hz. 

-  Les  slEges  aes  engins  les  aoins  vlbrants  selon  l'axe  vertical  (pelles  et  niveleuses)  ont  tendance  3 
falre  de  la  surtenslon.  Cette  observation  s'expllque  par  la  non  llnEarltE  des  caractErlstlques  des 
slEges  aux  falbles  niveaux.  Elle  soullgne  la  nEcessltS  de  aaltrlser  les  frotteaents  de  la  cinEaatlque  et 
le  vlellllsseaent  du  siige. 

La  figure  4  don  ne  les  valeurs  de  Rz  obtenues  pour  cheque  essal  avec  les  chargeuses  sur  pneus,  les 
chargeuses-pelleteuses  et  les  chariots.  11  est  clair  pour  ces  engins  que  les  plus  hauts  niveaux  d'awz 
observEs  sur  l'asslse,  sont  slgnlf lcatlveaent  HEs  au  dysfonctlonnement  du  systEae  antlvlbratlle  du  slEge 
selon  l'axe  Z  (r  -  0,70,  p  <  0,001).  II  sufflralt  done  d'Equiper  ces  engins  avec  un  slEge  aunl  d'une 
suspension  efflcace  pour  rEdulre  l’intensltE  vlbratoire  d'au  aoins  50  X. 

L'appllcatlon  des  prescriptions  des  nornes  de  code  d'essai  de  slEges  NF  E  90-451  et  E  58-074  pourralt 
trEs  probableaent  renEdier  3  cet  Stat  de  f ait. 


Rz 


A 


>.5  J 


CP*>  X 

°  6>  A  <* 
i,o.  o  A  . 

A  O  o 


.  *  ’  . 

On  •  ..**  • 

* 

e  A 

e,.**  . 

. . 


O  O 

o 


05  c 


chargeuses  sur  pneus 
O  chargeuses-pelleteuses 
A  chariots 


Figure  4  : 

Valeurs  lndlvlduelles  du  rapport 
de  transalsslon  vertlcale  en  fonc¬ 
tlon  de  1’lntensltE  de  1’accElEra- 
tlon  efflcace  pondErEe  relevEe  sur 
l'asslse  du  slEge. 


Drolte  de  rEgresslon  : 

Rz  -  0,85  +  0,23  awzs 

Coefficient  de  corrElatlon  : 
r  •  0,70  ;  p  <  0,001 


0 


1,0 


2,0 


3,0 


(m/sz) 


2.3.  Courbes  enveloppes  spectrales  des  accElEratlons  relevEes  3  la  base  des  slEges. 

A  tltre  d'exeaple,  nous  avons  donnfi  dans  la  figure  5,  les  courbes  enveloppes  aaxiaale,  aoyenne  et 
mtnlaale  des  D.S.P.  des  accElEratlons  X,  t  et  Z  relevEes  en  pled  de  slEge  sur  les  chargeuses  EqulpEes  de 
pneuaatlques  (routes  ttches  confondues).  Dans  1'enseable,  on  constate  que  la  forae  des  courbes  de  D.S.P. 
est  en  aoyenne  peu  affectfie  par  la  tlche,  si  l'on  excepte  les  chargeuses  sur  pneus  et  surtout  les 
chargeuses-pelleteuses.  Cette  forae,  pour  une  espEce  donnEe  d'englns,  est  relatlveaent  blen  typEe,  surtout 
selon  l'axe  vertical.  C'est  slnsl  que  par  exeaple,  on  observe  pour  cet  sxe,  un  pic  d'Energle  predominant 
dans  les  bandes  frEquentlelles  sulvantes  : 

-  1,5  -  2  Hz  :  toabereaux,  cealons  tous  cheat ns  et  dEcapeuses  non  suspendues, 

-  1  -  2,5  Hz  :  chargeuses  sur  pneus  (rouleaent), 

-  2  -  3  Hz  :  chariots  de  chant ler  et  niveleuses, 

-  1  -  4  Hz  :  dEcapeuses  suspendues. 
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Figure  5  !  Courbes  enveloppes  aaxlnsles  aoyenne  (- 


-),  alnlaale  ( 


)  des  D.S.P. 


des  accelerations  X,  T  ct  Z,  relevies  aur  lea  chargeuses  sur  pneus,  routes  t&ches 
confondues.  awMJ  et  **BOy  aont  lea  accelerations  efflcaces  pond6r£es  correspondences. 


3.  DISCDSSIOM 

3.1.  Coaparalaon  dea  rfsultets  obtenua  avec  ceux  de  Lundstrba  et  Llndberg  [13J. 

Las  risultats  da  1'I.N.R.S.  ont  iti  compares  1  caux  obtenua  par  LundstrBa  et  Llndberg  qul  ont  €value 
la  contralnte  vlbratolre  au  posts  da  conduits  de  36  angina  pour  la  plupart  dlffCrents  de  ceux  que  l'on  a 
assures.  Laura  evaluations  ont  6tS  rCalltCes  au  court  d'un  ou  de  plusleura  cycles  de  travail  couplets  de 
15  1  25  minutes. 

Us  ont  obtenu  dans  la  cat  das  toabereaux  des  valeurs  d'accdldratlon  equivalences,  au  niveau  du 
align,  plus  falbles  en  aoyenne  que  celles  de  1'I.N.R.S.  (1  a/s 2  environ  au  lieu  de  2  a/s2).  Cette  diffe¬ 
rence  a'expllque  par  le  fait  que  leurt  assures  lnclualent  pour  ce  type  d'engln,  en  plus  d'une  phase  de 
rouleaent  sur  plate  at  sur  route  aaphaltea,  une  phase  da  chargeaent.  II  en  eat  de  afae  pour  les  chargeuses 
sur  pneuaatlques  ;  les  valeurs  d'accildratlon  equivalence  itaient  de  1,3  a/s2  en  aoyenne  selon  l'itude 
sutdolse  au  lieu  de  1,9  a/s2  (reprise  au  tas)  et  de  2,3  a/t2  (rouleaent)  pour  l'itude  I.N.R.S.  Par  contre, 
noua  avons  t round  des  valeurs  analogues  pour  les  chargeuses  sur  chenilles  (1,2  et  1,4  a/s2),  les  pelles  et 
les  chargeuaes-pelleteuses  en  phase  de  creuseaent  et  les  nlveleuaes  (0,9  m/s2).  Enfln,  LundstrtSm  et 
Llndberg  donnent  dee  lntensltie  plus  forces  pour  les  bouteura  (1,8  a/t2  en  aoyenne  au  lieu  de  1,2  a/s2) 
qul  e'expllquent  par  les  conditions  opiratolres  qu'lls  ont  rencontrds  (sol  gelt). 

Les  differences  obeervCes  nous  aainant  A  rappeler  que  l'on  a  recherche  volontalreaent,  dans  un  objec- 
tif  premier  de  code  d'essai  de  sliga ,  un  "aajorant"  de  la  contralnte  vlbratolre  dans  des  conditions 
d 'utilisation  typlque  correspondent  A  une  Journie  de  travail.  Dans  la  riallti,  11  est  aQr  que  les  opira- 
teurs  ne  aont  pas  axposAs  de  aanlAre  continue  A  de  telles  lntensltAs,  8  heures  par  jour.  C'est  alnsl  que 
les  conducteurs  de  toabereaux  et  caalons  toua  cheat ns  aont  aatrelnts  A  des  pCriodes  de  fortes  expositions 
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lorsqu'lla  conduisent  sur  des  pistes  de  chantler  sal  entre tenues  et  3  des  pirlodes  de  noindre  exposition 
au  eours  du  chargeoent  de  leur  vihlcule.  Une  estimation  correcte  de  l'lntenslti  aoyenne  transmise  au 
conducteur  au  cours  d'une  Journle  de  travail  auralt  done  nlcessltl  la  definition  p rial able  de  tiches 
typlques  (coaoe  11  l'a  It I  fait  par  Lundstrdn  et  Llndberg),  la  connalssance  de  la  repartition  de  ces 
tiches  au  cours  de  la  Journle  et  la  prise  d'un  trie  grand  noabre  d'lchantlllons  de  aesure.  Cela  itait  en 
dehors  de  notre  objectlf.  C'est  pourquol  noua  avona  cherchl  seuleaent  I  falre  des  con.paralsons  d'un  engine 
i  l'autre  de  faqon  1  connaltre  lea  plus  vlbranta. 

3.2.  Pertinence  des  claaaea  spectrales  des  vibrations  d'excltatlon  retenuea  pour  lea  eaaals  de  aliges  en 

laboratolre  (norne  E  58-074). 

Lea  rlsultats  prlsentls  dans  le  paragraphe  2.2  relatlfs  3  l'efficacitl  des  Bilges  pour  attenuer  lea 
vibrations  aontrent  que.  Men  aouvent,  la  suspension  vertlcale  du  allge  n'est  pas  adaptle  au  vlhlcule  sur 
lequel  11  eat  isonti.  11  y  a  done  nlcessltl  d'appliquer  lea  codes  d'easals  de  sllges  dlflnls  par  lea  nornea 
franqalses  NF  E  90-451  et  E  58-074.  Ces  noraes  priconlsent,  afln  d'obtenlr  la  plus  grande  fldillti  des 
rlsultats,  d'effectuer  lea  eaaala  aur  un  slnulateur  de  vibration.  La  reprisentatlvlti  des  eaaals  dlpend 
done  avant  tout  du  cholx  des  processus  d'excltatlon.  La  norne  E  58-074,  aplclflque  aux  engine  de  terrasse- 
aent,  diflnit  4  classes  spectrales  de  vibration  d'entrie  vertlcale  en  fonctlon  de  l'espice  des  engine  (cf. 
figure  6).  II  s'aglt  de  processus  aliatolres,  1  distribution  d'aaplltude  gausslenne,  dlflnls  par  leur 
denslti  spectrale  de  puissance  et  leur  valeur  efflcace. 

Nous  avons  tent!  de  vlrifler  la  pertinence  des  classes  spectrales  pour  lea  englns  qu'elles  sont 
aupposles  reprlsenter  en  lea  coaparant  sux  courbes  enveloppes  de  D.S.P.  des  accillratlons  relevies  I  la 
base  du  sllge,  prisenties  dans  le  paragraphe  2.3.  et  d'en  Itendre  l'appllcatlon  (s'll  y  a  nlcessltl  d'en 
ilaborer  de  nouvelles)  aux  englns  de  chantler  non  Indus  jusqu'l  prisent  dans  la  norne  E  58-074  (tonbe- 
reaux  et  canlons  de  chantler  et  pellea  hydraullquea  sur  pneuaatlques  et  sur  chenilles).  D'autre  part,  pour 
certains  englns  (chariots  de  chantler,  toabereaux,  canlons  tous  chealna  et  bouteurs),  lea  vibrations  horl- 
zontales  sont  laportantes,  voire  prldoalnantes  (pellea  et  chargeuses-pelleteuaes).  II  y  auralt  done  lieu 
d'envlsager  d'iqulper  les  allgea  avec  une  suspension  avant-arrlire  ou  latlrale,  d'ofl  la  nlcessltl  d'llabo- 
rer  pour  ces  vihlcules  des  classes  de  vibrations  d'entrie  horlzontales. 


0 


C 

£ 


a)  Clasae  I  c)  Classe  III 

RCffirencc  0  dB  -  8  (n/s2)2/H*  Reference  0  dB  -  2(n/s2)2/Hz 


b)  Classe  II  d)  Classe  IV 

Reference  0  dB  •  4  (a/s2)2/H*  Reference  0  dB  -  0,4  (b/s2)2/H* 


Figure  6  <  Craphea  des  4  classes  spsctrslss  de  vibration  d'en trie,  priconlsles  par  la  norms 

I  58-074  pour  las  codas  d'essai  de  sliges  d'angln  do  chantler  salon  l'axs  vertical. 
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On  a  considiri  une  classe  spectrale  cone  pertinente  pour  une  espice  spiclflque  d'englns,  dans  la 
aesure  oil  11  y  a  coherence  avec  la  repartition  friquentielle  des  courbes  enveloppes  obtenues  (aurtout  aux 
basaea  friquences  pour  le  flltrage  des  sliges)  et  lea  valeura  supirleures  des  accelerations  efflcaces 
ponderCea  aeauries  (ay). 

(a)  Vibrations  vertlcales  : 

Lea  4  classes  diflnles  dans  la  norae  sont  quasioent  sufflaantes  pour  caractdrlser  en  frequence  et  en 
lntenslte  tous  lea  vehlcules  etudiea.  Lea  dlffirentes  espices  d'englns  pourralent  Stre  classees  cone 
suit  : 

-  Claaae  I  :  toabereau  et  caaion  tous  chealns,  dCcapeuse  non  suspendue. 

-  Classe  II  :  dCcapeuse  suspendue,  chariot  de  chantler,  chargeuse  sur  pneuaatiques  (rouleaent), 

chargeuse-pelleteuse  (toute  tAche  sauf  creuseaent). 

-  Classe  III  :  chargeuse  sur  pneuaatiques  (reprise  au  tas  et  chargeaent),  chargeuse-pelleteuse  (creu¬ 

seaent)  et  nlveleuse. 

-  Classe  IV  :  chargeuse  sur  chenilles,  bouteur  sur  chenilles,  pelle  toutes  categories  (creuseaent). 

(b)  Vibrations  horlzontales  : 

Aucune  dea  classes  spectrales  recomaandCes  par  la  norae  E  58-074  n'est  representative  de  ce  que  l'on 
trouve  selon  les  directions  horlzontales.  II  y  aurait  done  nicesslti  d'en  Ctabllr  de  nouvelles,  A 
savolr,  une  classe  V  (pic  d'lntenslti  entre  1  et  2  Hz,  a,,  ■  0,8  a/s2)  qul  s'appllqueralt  plus  partl- 
cullireaent  aux  dCcapeuaes ,  chariots  de  chantler,  chargeuses  sur  pneus,  chargeuses-pelleteuses  et 
bouteurs  et  une  classe  VI  (plat  entre  1  et  10  Hz,  a„  -  0,6  a/s2)  qul  concerneralt  les  chargeuses  sur 
chenilles  et  Cventuelleaent  les  pelleteuses  selon  1  "axe  X.  Les  nlveaux  relevCs  sur  les  nlveleuses  et 
les  pelleteuses  (axe  V)  sont  suffisaaaent  falbles  pour  ne  pas  justlfler  de  suspension. 

Rcaarque  : 

L'attCnuatlon  des  vibrations  basses  frequences,  telles  que  celles  correspondent  A  la  clasae  V  propo- 
sie  (pic  d'lntenslte  vers  1  Hz),  nicesslterait  une  suspension  A  grande  course,  ce  qul  n'est  pas  souhal- 
table  du  fait  des  contralntes  de  contrSle  des  vihlcules.  En  fait,  l'lntirit  principal  d'une  suspension 
horlzontale,  pour  ces  vihlcules,  reside  dans  la  posslblllte  d'ettAnuer  l'aspect  lapulslonnel  du  signal. 
C'est  pourquol,  11  nous  seable  Indispensable  d'utlllser  coone  processus  d'excltatlon,  un  signal  non  seule- 
aent  repr6sentatlf  en  frequence  aals  auaai  en  distribution  d'aaplitude. 


4.  CONCLUSION 

II  ressort  done  de  l'analyse  des  slgnaux  accei€roaetrlques  enreglstris  sur  l'asslse  du  slAge  et  sur 
le  plancher,  selon  les  directions  vertlcale,  avant-arrlAre  et  latirale,  que  : 

(a)  Les  contralntes  vlbratolrea  globales  calcul6es  en  reference  A  la  norae  AFNOR  NE  E  90-401,  pour  les 
vehlcules  motes  sur  pneuaatiques  en  phase  de  rouleaent  (toabereaux  et  caalons  tous  chealns,  dica- 
peuses  autoaotrlces,  chariots  autoaoteurs,  etc.)  sont  g6n6raleaent  plus  aivires  que  celles  trouvies 
pour  les  pellea  hydraullques  et  chargeuses-pelleteuses,  lors  du  creuseaent  de  tranchie  au  point  fixe. 
En  ce  qul  concerne  ces  dernlers  engins,  11  se  peut  que  la  aithode  priconlsie  sous-estlae  la  con- 
tralnte  vlbratolre  rielleaent  suble  A  la  valeur  aoyenne  de  l'lntenslti  vlbratolre  qul  est,  dans  ce 
cas,  forteaent  fluctuante  en  fonctlon  de  l'opiratlon  effectuie  dans  le  cycle  de  travail.  S’il  se 
rivilalt  que  la  aenalblllti  des  lndlvldus  est  forteaent  Influence  par  les  pics  d' Intensity,  ce  type 
d'englns  apparaltralt  certaineaent  coaae  plus  nulslble. 

En  aoyenne,  la  direction  prlvlliglie,  pour  les  vihlcules  aontis  sur  pneuaatiques  en  phase  de  roule¬ 
aent,  est  l'axe  vertical.  Dans  l'enseable,  les  prescriptions  de  la  norae  franqalse  NF  E  58-050, 
relatives  A  1' Intensity  vlbratolre  aaxlaale  transalse  aux  conducteurs,  ne  sont  pas  respecties. 

Dans  le  cas  des  pelles,  chargeuses-pelleteuses,  bouteurs  et  chargeuses  sur  chenilles,  11  y  aurait 
prAdoal nance  de  la  aivirlti  vlbratolre  selon  l'axe  avant-arrlAre  pour  les  tAches  de  creuseaent, 
reprise  au  tas  et  dicalsseaent . 

(b)  Les  suspensions  vertlcales  des  slAges  Aqulpant  lea  vihlcules  testis,  notaaaent  ceux  aontis  sur  pneu¬ 
aatiques,  sont  souvent  lnadapties.  Dans  certains  cas,  11  sufflralt  slapleaent  d'iqulper  ces  engins 
avec  un  slAge  qul  ne  surtenslonne  pas  aux  friquences  du  vihlcule,  pour  ridulre  l'accililratlon  vertl¬ 
cale  de  plus  de  50  X.  L' application  du  code  d'essai  de  slAge,  en  rifirence  aux  Noraes  franqalses 
NF  E  90-451  et  E  90-074  pourralt  trAs  probableaent  reafdler  A  cet  itat  de  fait. 

(c)  Pour  chaque  faallle  d'englns,  on  a  ilabori  des  enveloppes  spectrales  reprfsentatlves  du  plus  grand 
noabre  d'englns.  Dans  l'enseable,  elles  mntrent,  pour  l'axe  vertical,  la  pertinence  des  classes 
spectrales  de  vibrations  existant  dans  la  norae  AFNOR  E  58-074  relative  aux  essals  de  sliges  d'englns 
de  terrasseaent  en  laboratolre.  Cependant,  quelques  aodlf Icatlons  sont  suggiries  ;  en  particuller,  11 
est  propoei  d'lnclure  lea  toabereaux  et  les  caalons  de  chantler. 

II  y  a  aatlire  1  crier  deux  nouvelles  classes  en  aatlire  de  vibrations  horlzontales  qul  pourralent 
Itre  diflnies  non  seuleasnt  en  friquence  et  en  lntenslti,  aals  aussl  en  distribution  d’aaplitude. 

II  aat  envlaagi  de  prolonger  cette  itude  par  une  caapagne  d'essai  de  sliges  d'englns  de  terrasseaent 
effectuie  conforaiaent  1  la  norae  AFNOR  E  58-074  aodlflte,  afln  de  pouvolr  les  classer  en  fonctlon  de  leur 
capaclti  1  ridulre  lss  vibrations. 
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DISCPSaiOB 

QOANDIEU,  PE:  I  would  like  to  know  If  the  seat  character  let  lea  that  you  described  are  really 
non-linear  at  low  intensity? 

DONATI,  PE:  he  behavior  of  the  plastic/  flexible  suspension  system,  due  to  friction  and  the  age 
of  the  seat,  can  be  non-linear.  This  explains  the  very  important  overloads  that  we  observed  with  this 
type  of  seat. 

VAN  VLIET,  CA:  I  think  the  power  spectral  density  (PSD)  approach  is  good  for  classifying  vi¬ 
bration  signals.  However,  taking  into  account  the  non-linear  characteristics  of  the  passive  seat, 
there  are  limitations  to  this  approach.  Por  instance,  it  does  not  allow  you  to  reconstruct  time  his¬ 
tories.  At  present,  in  Canada,  we  use  reconstructive  time  histories  to  evaluate  seats  because  there  Is 
no  phase  information  in  the  PSDs. 

DONATX,  CA:  I  agree  with  you,  but  it  is  our  opinion  that  this  represents  the  simplest  method  for 
obtaining  results,  as  a  first  step.  It  must  be  pointed  out  that  this  method  is  presently  used  for  ac¬ 
ceptance  testing  of  all  farm  tractor  seats  in  Europe.  However,  I  believe  that  we  should  include  other 
factors,  such  as  vibration,  in  our  assessment.  We  used  this  method  simply  for  its  convenience. 
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ntlRODUCTIOH 

Ihat  the  ride  of  allltary  vehicles  can  have  pathological  effects  on  the  occupants  has  been 
reoognlzad  since  charioteers  rode  with  their  knees  bent  to  attenuate  the  diodes  free  the  floor 
of  their  vehicles.  More  recently  "tank  back"  wee  reported  by  aedlcal  officers  during  and 
1—rl lately  after  the  1939-45  war,  and  siailsr  effects  ("Jeep  back")  were  noted  for  trucks  and 
cere  (Ref  1) .  Despite  aany  references  to  the  chronic  effects  of  vibration  and  shock  on  husane, 
there  are  few  data  **iich  relate  the  effects  of  exposure  to  the  ride  characteristics  of  the 
vehicle.  This  is  reflected  In  the  second  draft  of  that  are  probably  the  aost  widely  used  guide¬ 
lines  far  human  exposure  to  vibration,  ISO  2631  (Ref  2),  which  stated  that  "in  view  of  the  com¬ 
plex  factors  determining  the  hiaa  response  to  vibration,  and  in  view  of  the  paucity  of  quanti¬ 
tative  data  concerning  man's  perception  of  vibration  and  his  reactions  to  it. . . .  (the  guidelines 
have  been  prepared) . .  .to  give  provisional  guidance  as  to  acceptable  hunan  exposure  to  vibra¬ 
tion"  .  The  exposure  limits  of  ISO  2631  are  baaed  on  "approximately  half  the  level  considered 
to  be  the  threshold  of  pain  ....  far  healthy  made  subjects  restrained  to  a  vibrating  seat". 

Frcm  the  earliest  drafts,  the  standard  also  expressed  the  hope  that  it  would  lead  to  the 
"reporting  and  critical  evaluation  of  new  findings  about  the  effects  of  vibration  on  man". 
That  ala  bee  been  a  consideration  during  the  various  surveys  of  vibration  levels  in  allltary 
vehicles  thlch  hove  been  undertaken  at  DC  134  during  the  past  fifteen  years.  Thus  When  the 
Institute  was  asked  by  the  Base  Surgeon  at  Canadian  Forces  Base  (CTO)  Qagetown  to  investigate 
several  instances  of  lower  back  trauma  in  tracked  armoured-vehicle  drivers,  the  opportunity  wee 
taken  to  study  the  Interrelationship  of  vehicle  ride,  operator  exposure  and  back  pain  (Ref  3) . 

The  problem  wets  evident  in  a  pool  of  drivers  attached  to  the  Ooahat  Aims  School  (CAS) ,  who 
were  required  os  port  of  the  school  curriculum  to  drive  long  hours  in  M113  armoured  personnel 
carriers  during  training  exercises.  The  Base  Surgeon  had  noted  that,  within  six  months,  two 
drivers  firm  the  CAS  pool  ("Fool  drivers")  had  required  surgery  for  luabar  disc  herniation. 
Both  men  were  under  age  34,  and  subsequent  investigation  revealed  that,  among  28  CAS  M113 
drivers  with  possible  bock  problems,  ten  had  recurrent  lower  back  pain  to  the  extent  diet  time 
wee  mlased  from  work.  Of  the  ten,  one  required  surgery  during  the  period  of  the  investigation, 
and  another  six,  who  were  free  from  congenital  abnormalities  of  the  spine,  were  found  by  X-ray 
emalnatlcn  to  have  changes  such  am  degenerative  disc  disease. 

INVESTIGATION  OP  THE  PROBLEM 

The  actions  of  the  Base  Surgeon  had,  naturally,  aroused  the  awareness  of  the  Fool  drivers 
to  the  risks  associated  with  the  ride  characteristics  of  their  vehicles.  A  three  aspects 
approach  was  therefore  taken  to  the  investigation.  The  first  aspect  was  to  review  the  medical 
history  of  the  Fool  drivers  for  the  three  years  prior  to  the  Investigation,  and  to  compare  them 
with  those  of  two  other  groups  of  drivers,  cne  group,  ("NCR  drivers"),  drove  the  same  vehicle 
but  far  fewer  average  hours  per  week.  The  other  group  ( "Oanturion  drivers"),  drove  a  slower, 
heavier  vehicle  far  a  similar  nimber  of  hours  per  week. 

The  three  groups  mere  roughly  similar  In  size,  (18  Pool,  24  RCR,  20  Centurion),  and  were 
retched  far  agaa,  heljhts  and  weights.  The  age  distribution  of  the  RCR  drivers  was,  in  fact, 
allfpitly  skewed  toward  the  left.  Implying  a  sli(pitly  younger  population,  but  the  three  groups 
were  not  statistically  different. 

The  second  aspect  of  the  study  res  to  review  the  exposure  history  of  the  three  groups  of 
drivers.  This  was  done  using  s  modified  version  of  the  questionnaire  developed  by  Fitzgerald 
and  Clotty  (Ref  4).  The  queetlamaire  was  modified  to  cover  aspects  of  the  driving  environment, 
including  types  of  terrain,  speed  over  different  terrain  and  hours  driving  par  day  and  per 


The  possible  effect  of  poor  posture  re  s  contributory  factor  to  back  pain  warn  of  concern. 
However,  equipment  and  tectnlqure  necessary  to  record  the  posture  adopted  by  the  driver  in  the 
confined  space  of  an  AW  ware  not  available.  Therefore,  posture  res  investigated  subjectively 
through  questions  related  to  the  comfort  of  the  asst,  and  the  need  for  Improvements  to  the 
arete  of  the  two  vehicles. 

The  third  aspect  of  the  study  Involved  the  recording  and  analysis  of  the  ride  characteris¬ 
tic#  of  the  MX13  end  the  Centurion.  Accelerations  were  aaaeured  in  three  orthogonal  am  at 
the  driver's  buttocks,  am  each  vehicle  was  driven  at  representative  speeds  over  various  types 
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of  road  end  terrain.  A  one-third  octave-band  analysis  of  the  data  was  then  coopered  with  the 
Eipcsure  Limit  (EL) ,  tte  fatigue  Decreased  Proficiency  Boundary  (POP) ,  and  the  Reduced  Comfort 
Boundary  (RC)  of  ISO  2631. 

Also  uead  was  a  criterion  for  aaeeeelng  hunan  tolerance  to  hltfi  crest-factor  acceleration 
(shock) ,  taking  into  account  the  compressive  load  limitations  of  the  spine.  Payne  (Ref  S)  pro¬ 
posed  a  single  degree  of-freedom  lwped-paramater  model  to  approximate  the  gross  mechanical 
characteristics  of  the  hunan  spine.  The  model  consists  of  a  simple  linear  mass  spring  system 
with  daaq>ing  that  is  proportional  to  velocity.  As  the  system  is  excited  by  an  acceleration- 
time  history,  it  gives  as  an  output  a  corresponding  time  history  of  the  compressive  deflection 
of  the  spring.  A  Dynamic  Response  Index  (DRI),  representing  the  peak  value  of  the  compressive 
deflection.  Is  determined  for  each  peak  In  the  acceleration-time  history. 

Allen  (Ref  6)  has  proposed  a  specification  for  hunan  tolerance  to  repeated  shocks,  based 
on  the  DRI  model  and  on  the  concept  that  structural  fatigue  or  damage  Is  cumilatively  linear  to 
the  point  of  rupture  (Miner's  Rule).  The  iaplementatlon  of  the  proposal  provides  a  means  of 
quantifying  tentatively  the  occurrence  and  severity  of  shocks  in  an  acceleration-time  history, 
and  Is  used  by  the  Institute  as  an  interim  method  for  assessing  cross -ccumtry  vehicle  ride 
quality. 

In  the  proposal,  Allen  has  specified  exposure  limits  representing  various  degrees  of 
dleocmfort  as  a  function  of  the  number  of  repeated  shocks:  Passenger  Comfort  (PC),  Moderate 
Dlscxaefart  (M>),  and  Severe  Dleocmfort  (SO)  (see  Figure  1).  In  addition,  a  five  per-cent 
back- injury  criterion  Is  specified,  based  on  vertebrae  breaking  strength  data  frcm  v*Uch  the 
piremetnrs  of  the  DRI  spinal-loading  model  were  defined  (DRI  -  20  g  corresponds  to  SO  per-cent 
probability  of  spinal  Injury  (Ref  7) ) ,  and  on  the  correlation  of  DRI  to  aircraft-ejection 
Injury  rates  (Ref  8) . 

The  DRI  model  and  Allen's  proposal  for  hunmi  tolerance  to  repeated  vibration  shocks  were 
ljplaamnted  at  the  Institute  an  an  analogue  and  a  digital  cooputer,  and  used  to  analyze  samples 
of  the  M113  and  Centurion  off-romd  (cross-country)  2 -axis  acceleration-time  histories. 


Medical  Records 

Chi  squared  analysis  of  the  records  showed  that  the  three  groups  of  drivers  had  not  dif¬ 
fered  In  their  frequency  of  visits  to  the  Medical  Investigation  Rocm  (MIR)  In  the  three  yean 
prior  to  the  study.  However,  the  Pool  driven  reported  significantly*  son  back  pain  complaints 
than  the  RCR  driven,  or  than  the  RDR  and  Centurion  driver  groups  combined,  similarly  the  Fool 
driven  amntlaned  their  vehicle  as  a  causative  factor  In  their  complaints  significantly  son 
often  then  the  other  two  driver  groups. 

Questionnaire  Results 

It  was  to  be  expected  that  the  MIR  records  would  not  represent  the  total  Incidence  of  back 
pain  In  any  of  the  driver  groups.  It  appeared  probable  that  some  back  pain  was  considered  too 
minor  to  warrant  a  visit  to  the  MIR,  and  was  self-treated  with  massage,  rest  etc.  The  data 
from  the  questionnaire  supported  that  aaaumqption,  indicating  that  son  men  In  all  three  driver 
grape  suffered  from  back  pain  than  was  shewn  by  the  MIR  records.  Eighty-nine  per  cent  of  Pool 
drivers,  46  per  cent  of  RCR  drivers,  and  55  per  cent  of  Centurion  drivers  reported  suffering 
frcm  backache  or  back  pain. 

Median  Chi  square  teats  showed  no  significant  difference  In  the  proportion  of  sufferers  In 
each  group  having  a  prior  accident  Involving  the  back.  Frcm  that  observation  it  Is  argued  that 
prior  Injury  Involving  the  back  Is  not  the  major  causative  factor  of  the  higher  incidence  of 
back  problems  in  the  Pool  group. 

The  questionnaire  responses  Indicated  that  there  were  differences  in  the  sports  activities 
of  the  three  grape.  Significantly  more  RCR  drivers  participated  In  jogging  and  swiamlng  them 
the  other  drivers;  slpilflcantly  more  Centurion  drivers  played  golf  than  drivers  In  the  other 
two  groups. 

Median  Chi  square  tests  showed  no  significant  difference  between  the  driver  groups  in 
tenas  of  prior  experience  driving  their  vehicles.  Examination  of  the  distribution  of  the  ques¬ 
tionnaire  responses  showed,  however,  that  there  was  a  trend  to  the  RCR  and  Centurion  drivers 
having  had  fewer  years  of  armoured  fighting  vehicle  (AFV)  driving  experience  than  did  the  Pool 
drivers.  This  agreed  with  expectations  from  the  career  progression  pattern,  since  AFV  drivers 
tended  to  be  streamed  Into  the  CAS  on  the  basis  of  experience.  Pool  drivers  were  found  to  be 
spread  over  all  levela  of  experience,  vhereas  the  RCR  drivers  were  skewed  towards  less  experi¬ 
ence,  and  the  Centurion  drivers  more  markedly  so.  Therefore,  the  type  of  driving  ad  the  cvmru- 
latlvs  effect  of  asperlance  may  be  confounded. 

The  gmetlcnnalre  results  confirmed  the  selection  of  the  two  comparison  groups.  The  amount 
of  driving  per  weak  was  found  to  be  the  same  for  Pool  and  Centurion  drivers,  with  the  RCR  group 
driving  significantly  leas.  The  number  of  hours  par  week  driven  across  country  was  also  the 
mm  for  the  Pool  and  Centurion  drivers,  and  slcplflcantly  less  for  the  RCR  drivers  (see  Table 
I) ,  end  the  Pool  and  Centurion  drivers  draw  significantly  fewer  hours  per  week  on  gravel  roads 


Throughout  the  analysis  slptlflc 


Is  st  the  .06  level  or  better. 
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them  did  the  RCR  drivers. 


TABU  I 

NUM3ER  OF  BOORS  PW  WEEK  DRIVING  CROSS  OOUWIFSf 


Groms 


Fool  RCR  Centurion 

Drivers  Drivers  Drivers 


Less  Than  10  Hours  2 
Between  10  and  30  Hours  8 
Between  30  and  SO  Hours  6 
Greater  Than  50  Hours  2 
No  Reply  0 


13 

3 

0 

0 

8 


1 

6 

9 

2 

2 


Factor  Analysis 

From  the  analysis  of  the  MIR  records  and  the  questionnaire  data,  several  differences  were 
noted  between  the  Pool  drivers  and  the  two  other  groups,  any  of  which  could  have  been  a  contri¬ 
butory  cause  of  the  higier  incidence  of  back  pain  ejqperlenced  by  the  Fool  drivers.  The  follow¬ 
ing  differences  were  considered  for  further  analysis :- 

i.  driver  age 

11.  driver  physique  (weight /height  ratio) 

Hi.  years  of  driving  experience 
iv.  hours  driven  per  week 

v.  total  hours /week  an  all  terrain-  ( road ,  gravel,  cross-country) 
vl.  driving  speed  over  terrain  (roads,  gravel,  cross -country) 

vil.  nsss  of  the  vehicle 

These  variables,  plus  the  presence  or  absence  of  back  pain  were  subjected  to  factor 
analysis.  Four  factors  were  used,  and  a  minimum  loading  of  0.3  was  required  on  each  factor. 
Variables  included  in  the  same  factors  as  presence  of  back  pain  were  considered  to  be  the  najor 
contributors  to  that  condition.  Two  factors  were  found  to  include  bade  pain.  The  variables 
associated  with  bade  pain  were  high  total  hours  driven  per  week,  long  hours  on  all  three  types 
of  terrain,  and  a  high  personal  weight  to  height  ratio. 

variables  which  grouped  together  in  a  third  factor  were  no  back  pain,  heavy  vehicle 
weight,  slaw  driving  speeds  and  long  hours  cross-country .  Those  factors  were  interpreted  as 
representing  the  Centurion  drivers'  environment .  other  variables  which  grouped  together  were 
older  drivers,  acre  AVF  driving  experience  and  slow  driving  speeds  across  country.  No  signifi¬ 
cance  was  attached  to  this  factor,  but  it  could  be  Interpreted  as  Indicating  either  that  older 
drivers  learn  to  drive  more  slowly,  or  that  they  are  less  tolerant  of  shock  than  yrxnger 
drivers. 

Ride  Data 

The  acceleration  levels  measured  on  the  driver's  seat  in  the  two  vehicles  indicated  that 
Z-axls  levels  in  the  Ml  13  were  considerably  higher  for  off-road  conditions  than  for  paved-  or 
gravel-road  conditions.  In  the  such  slower  and  heavier  centurion,  2 -axis  levels  did  not  differ 
significantly  between  road  and  cross-country  conditions,  and  were  less  intense  than  those  in 
the  Ml  13  (Ref  9) . 

For  cross-country  conditions  in  the  Ml  13  (20  kph)  and  in  the  Centurion  tank  (12  kph),  the 
Z-axla  FDP  boundary  was  emieeded  in  the  vehicles  (at  the  driver's  seat)  after  one  hour  and 
eiefit  hours  respectively,  and  the  EL  boundary  after  four  hours  and  24  hours  respectively  (Table 
II)  (Ref  9) .  In  the  Ml  13  ride  sample,  crest  factors  as  high  as  13  were  encountered.  When  the 
crest  factors  exceed  six,  the  effects  of  the  notion  i*>on  health,  fatigue  and  comfort  nay  be 
inderastlnated  by  the  ISO  2631  criteria  (Ref  2).  In  the  Centurion  Tank,  crest  factors  were 
less  than  six. 


TABLE  II 


M113  AND  CENTURION  TAHC  CRDSS-COUNTKy  Z-AXIS  VIBRATION  EXPOSURE  LIMITS, 
AT  THE  DRIVER'S  SEAT,  USING  ISO  2631  NO  ALLOTS  DRI -TOLERANCE  CRITERIA 


Acceleration 
Vehicle/Scesd  Crest  Factor 

MJ13  A£C 

20  kph  13 

Osnturion  Tank 

12  kph  — 


190  2631 

DRI/ALLEN 

TOP 

EL 

PC  MD  S3 

<1  aln 

lhr 

«hr 

4  min  4hr  — 

lhr 

Shr 

24hr 

,  „  _  __ 

The  results  of  the  DRI -Allan  ucmputsr  analysis  are  suaaarlzed  in  Table  II,  and  Indicate 
that  the  PC  and  M3  boundaries  would  be  exceeded  in  the  Ml  13  after  four  minutes  nd  four  hours 
respectively.  Airing  the  3-slnuts  sample,  12  shocks  exceeding  1  Gz  were  observed,  producing 
twluas  of  m  ranging  fraa  1.01  to  2.79,  with  a  naan  value  of  1. 68  and  a  standard  deviation  of 
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0.S6  (Ref  10). 

Note  that  the  effect  of  gravity-bias  acceleration  vaa  suppressed  at  the  output  of  the 
analogue  aaputer  (ERI  aodel)  in  accordance  with  standard  practice  (Ref  11),  and  that  the 
dlgltal-ccmputer  prograa  did  not  accuaulate  ERI  values  (ERK  1.0)  far  acceleratlcna  leaa  than  1 
Qz.  It  is  not  witil  the  spinal  carpraealus  spring  force  completely  counteracts  the  wei^it- 
force  vector  that  the  vertebral  coluan  beceaea  the  primary  weight-bearing  e lament.  Bence, 
acoeleratlane  less  than  1  Qz  are  not  significant  in  the  apinal-laeding  aodel. 

No  values  of  ERI  were  generated  for  the  Centurion  hank.  This  is  because  the  tank  cross¬ 
country  data  did  not  contain  acceleration  shocks  exceeding  1  Qz. 

DISCUSSION 

The  na jar  limitation  to  the  study  mm  the  aaall  sample  size  and  their  limited  distribution 
across  the  variables.  The  saapls  size,  however,  wee  dictated  by  the  nuaber  of  Pool  drivers.  The 
effect  of  such  a  small  saaple  on  the  statistical  analysis  is  an  otvlaus  weakness.  Therefore, 
the  results  of  the  study  suet  be  considered  as  indications  of  trend,  rather  than  robust  cause- 
effect  relationships . 

Other  reservations  auat  be  ampreaeed  about  aoae  of  the  date.  Upon  identifying  back  trauma 
among  the  Pool  drivers,  the  Base  Surgeon  had  instituted  e  limitation  in  driving  hours,  so  that 
it  was  not  possible  to  validate  the  quaetiamalre  returns  for  the  hours  driven  in  different 
terrain.  Sane  ambers  of  the  Pool  and  centurion  groups  indicated  that  they  were  driving 
between  50  and  70  hours  a  week.  It  is  questionable  whether  those  APVs  Mould  be  continually 
driven  far  ware  then  ten  hours  a  day  an  a  routine  basis,  and  it  la  poaalbla  that  the  total 
hours  Include  time  at  rest,  or  in  a  hide.  It  has  been  noted  daring  other  emsrclses  that  the 
drivers  of  ouch  vehicles  take  any  opportunity  to  move  thaa,  so  that,  although  they  are  nomi¬ 
nally  "at  rest”,  they  are  actually  often  moving  about  the  "met"  area,  than  at  met  the  vehi¬ 
cle  engines  am  left  ruining.  The  drivers  would  therefor#  be  aaipoeed  to  the  vibration  from  that 
source,  if  not  frcm  actually  driving.  Overall,  then,  the  details  of  the  vibration  stress  on 
drivers  reporting  long  hours  per  week  are  not  clew.  Since  the  time  exposure  limits  of  190  2631 
am  logarithmically  related  to  acceleration,  however,  they  harems  Increasingly  l^mciee  for 
exposures  greater  thmi  four  hours,  and  the  questionnaire  date  Mere  therefore  judged  to  be  ade¬ 
quate  far  the  study. 

Another  concern  is  whether  the  incident  of  back  pain  reported  by  the  Pool  drivers  differs 
significantly  frcm  that  reported  In  the  general  population  of  drivers  or  people  with 
vibration-induced  Injury.  The  use  of  two  camper  lean  grape  did  not,  in  itself,  guarantee  that 
the  Pool  drivers  would  be  compared  to  a  "normal"  population.  Ohfortunetely.  no  data  hove  been 
found  which  indicate  the  "normal "  incidence  of  back  pain  in  the  Canadian  Faroes.  The  date  fnx 
the  three  grope  warn  therefore  coapared  with  data  from  the  British  Army  (Ref  12)  aid  with 
Canadian  farmers  (Ref  13),  tractor  drivers  (Ref  14)  end  interstate  bus  drivers  (Rsf  15) .  Based 
an  the  findings  of  those  studies,  it  appeared  that  the  control  groups  did  have  a  hltfmr 
incidence  of  back  pain  than  "normal".  If  this  is  the  earn,  then  the  comparisons  bah  sen  the 
grope  may  underestimate  the  effects  of  cream,  factors  such  as  age,  driving  ajperience  and 
driving  posture. 

The  relationship  of  driving  posture  and  vehicle-ride  effects  cn  back  trauma  is  of  major 
interest  to  this  sympoolum.  Althoutfi  posture  was  recognized  as  an  lsportant  factor  in  the  con¬ 
sideration  of  causae  of  back  pain,  and  although  questions  on  the  design  of  the  seat  were 
Included  in  the  survey,  it  was  not  possible  to  treat  posture  systematically.  Some  Ml  13  drivers 
indicated  in  their  questionnaire  responses  that  they  uaed  their  back  rests.  It  wee  fond,  how¬ 
ever,  that  it  was  not  possible  to  drive  either  the  Ml  13  or  the  Centurion  with  the  back  in  con¬ 
tact  with  the  back  rest  without  adopting  e  very  uncomfortable  posture.  Lap  belts  were  provided 
in  the  Ml  13,  but  if  used  they  held  the  driver's  buttocks  in  place,  forcing  him  to  lean  forward 
to  reach  the  controls.  The  relative  position  of  the  driver's  hatch  and  the  seat  in  both  vehi¬ 
cles  also  made  it  difficult  to  sit  upri^vt.  The  resulting  forward  hunched  posture  almost  cer¬ 
tainly  resulted  in  flattening  of  the  lusher  lordosis  and  compression  of  the  lumbar  discs  at 
their  forward  edge,  which  wculd  exacerbate  any  stress  on  the  spinal  column. 

Given  the  findings  of  Fitzgerald  (Ref  16)  that  proper  restraints,  back  sipport  and  torso- 
thigh  angle  were  of  importance  to  the  reduction  of  the  incidence  of  back  pain  azeng  aviators, 
it  seemed  reasonable  to  conclude  that  the  poor  posture  of  both  the  Ml  13  and  the  Centurion  seats 
contributed  to  the  drivers'  complaints .  If  poor  posture  was  the  only  factor  contributing  to  the 
incidence  of  back  pain,  however,  then  no  difference  would  be  aspect ed  between  the  two  M113 
driver  groups.  That  wee  not  the  case;  whereas  80  per-cent  of  RCR  drivers  and  88  percent  of 
Pool  drivers  reported  the  M113  east  very  uncomfortable,  only  42  per-cent  of  RCR  drivers 
reported  back  pain,  compared  with  89  pei^-cent  of  Pool  drivers.  That  poor  posture  does  induce 
back  pain  wee  evident  by  the  raapcneee  of  the  Centurion  drivers,  55  per-cent  of  wher  suffered 
frcm  back  pain. 

As  noted  from  the  factor  analysis,  the  ride  characteristics  of  the  two  vet  .else  do  limply 
that  there  wculd  be  differences  in  the  frequency  of  back  pain.  The  results  of  the  ride 
analysis  based  on  ISO  2631  Indicate  that  the  Exposure  Limit  la  not  exceeded  in  the  Centurion  in 
any  epeed/terrein  condition,  <  he  ream  that  limit  la  Bite  merited  after  four  hours  in  the  Ml  13  whan 
travelling  cross  country  at  speeds  of  more  than  20  kph.  given  the  differences  in  hours  driven 
cross-country,  this  cculd  eiqplaln  tits  differences  in  reports  of  back  pain  between  the  Pool  and 
RCR  driven. 

As  noted  at  the  cutset,  one  of  the  prime  size  of  the  study  was  the  reporting  and  critical 
evaluation  of  now  findings  about  the  affects  of  vibration  cn  ran.  That  high  levels  of 
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vibration,  coupled  with  long  hours  of  exposure  result  in  a  high  incidence  of  back  pain  carrot 
be  called  a  new  finding.  The  fact  that  the  exposure  levels  predicted  by  ISO  2631  do  appear  to 
have  sene  relationship  to  the  observed  incidence  of  back  pain  is  of  Interest.  While  a  signifi¬ 
cant  aacuit  of  effort  has  been  put  into  validating  the  Reduced  Ccnfort  and  the  Fatigue 
Decreased  Proficiency  limits  of  the  standard,  there  have  been  few  studies  of  the  Exposure  Lim¬ 
its,  which  are,  in  fact,  often  the  nest  critical  aspects  of  military  operations. 

The  validation  of  Allen's  proposal  for  human  tolerance  to  repeated  shocks  is  not  the  pur¬ 
pose  of  this  paper.  The  assumptions  made  by  Allen  are  that  (1)  discomfort  is  caused  by  the 
dynamic  compression  peak  loads  in  the  spinal  column,  (2)  these  loads  can  be  quantified  by  the 
DRI,  and  (3)  damage  is  a  linear  function  of  accumulated  loads.  The  first  assumption  is  disput¬ 
able  in  that  discomfort  is  subjective  and  often  due  to  non-specific  stress;  the  second  because 
spinal-column  stiffness  is  not  independent  of  load  level.  Data  are  required  to  determine 
whether  the  variable  stiffness  of  the  spinal  column  causes  significant  discrepancies  in  subjec¬ 
tive  responses  to  a  given  DRI  value.  The  third  assumption  also  requires  validation,  or  a 
demonstration  of  non-linear  effects. 

A  question  also  exists  concerning  the  significance  of  input  accelerations  that  generate 
values  of  DRI  less  than  1  g  in  evaluating  ride  quality  (17).  Althou^i  such  values  were  not  used 
in  the  cumulative  PC  and  MD  limits  shown  in  Table  II,  their  effects  upon  soft-body  tissue  any 
be  an  Important  factor  in  ride-discomfort  analysis. 

Although  it  Is  tempting  to  compare  the  four-hour  Exposure  Limit  predicted  by  190  2631  with 
the  four-hour  Moderate  Discomfort  llaiit  predicted  by  DRI -Allen,  such  comparisons  are  not  justi¬ 
fied.  Allen  (Ref  6)  has  cautioned  against  such  comparisons,  first  because  of  the  preliminary 
nature  of  the  repeated-shock  proposal,  and  secondly  because  of  uncertainties  regarding  the 
time-dependency  assumptions  in  ISO  2631.  For  the  purpose  of  this  study,  suffice  it  to  say  that 
the  cross-country  ride  qualities  of  the  M113  are  shown  to  be  significantly  more  severe  than 
those  of  the  Centurion  when  evaluated  by  either  ISO  2631  or  Allen's  proposal  for  human  toler¬ 
ance  to  repeated  shock  using  the  DRI  spinal  model. 

On  the  basis  of  the  evidence  it  seems  not  unreasonable  to  conclude  that  the  high  incidence 
of  back  pain  observed  in  the  Pool  driver  group  was  the  result  of  poor  pasture  and  exposure  to 
Intense  levels  of  vibration  and  shock  for  periods  exceeding  the  exposure  limits  recommended  by 
ISO  2631,  and  that  the  incidence  of  back  pain  among  RCR  and  Centurion  drivers  was  related  to 
poor  driving  posture. 
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NUMBER  OF  SHOCKS  IN  24  HOURS 


FIGURE  1.  Suggested  exposure  limits  representing  various  degrees  of  discom¬ 
fort  end  a  five  per  cant  back-injury  criterion,  as  a  function  of  Dynaadc 
Ride  Index  (DRI)  and  rusher  of  repeated  shocks  per  dev  (After  Allen  (Ref 
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DISCUSSION 


TROUP,  UK:  I  wonder  if  you  could  say  a  little  about  the  studies  of  the  spine  which  led  to  pre¬ 
dictions  of  injury.  I  think  this  is  rather  an  interesting  and  iaiportant  topic. 

BOWDEN  (re  BEEVIS  and  PORSHAW  paper),  CA:  I  cannot  say  too  much  about  the  paper.  Allen's  pro¬ 
posal  (AGARD  Conference  Proceedings  No.  253,  pp.  A25-1  to  A25-15)  was  based  on  a  study  of  aircraft  seat 
ejection  injuries.  It  related  the  shock  of  seat  ejection  to  the  injuries  sustained  from  that  single 
shock  to  the  pilot  when  he  ejected.  He  found  that  the  model,  which  is  now  used  in  the  Standard  in  the 
United  States  Air  Force  and  is  based  upon  the  Dynamic  Response  Index  (DRI),  was  established  on  that 
sort  of  data.  Allen  simply  extended  it,  using  a  principle  of  relating  multiple  shocks  in  a  cumulative 
way,  to  cover  situations  in  which  subjects  were  exposed  to  repeated  shocks  in  aircraft  or  vehicles. 
That's  about  all  I  can  say  about  the  paper. 

SANDOVER,  UK:  I  can  add  that  Allen  also  used  information  from  various  studies,  my  own  among 
them,  in  which  people  had  been  subjected  to  a  number  of  shocks  as  part  of  another  experiment.  There 
were  some  comments  on  the  subjective  severity,  so  he  used  both  the  original  DRI  concept  and  some  field 
data. 


LANDOLT,  CA:  Regarding  the  graph  of  the  Dynamic  Ride  Index  versus  the  number  of  shocks  per  24 
hours,  would  you  know  where  the  data  of  Beevis  and  Forshaw  fits  into  that  graph?  would  they  be  near 
the  Passenger  Comfort  line? 

BOWDEN  (re  BEEVIS  and  FORSHAW  paper),  CA:  The  estimate  of  duration  was  based  on  questionnaire 
data,  and  the  authors  suspected  that  the  actual  driving  exposure  may  have  been  less  than  indicated  be¬ 
cause  the  drivers  would  report  rest  periods  inside  the  armoured  vehicles,  as  well  as  the  periods  in 
which  they  were  actually  driving  cross  country.  As  Beevis  and  Forshaw  noted  in  their  paper,  the  APC 
DRI  values  ranged  from  1.01  to  2.79;  which,  for  exposure  durations  of  less  that  4  minutes,  would  lie 
below  the  Passenger  Comfort  Boundary. 

PRIVITZER,  US:  You  said  that  the  DRI  was  based  on  vertebral  body  compressive  experiments.  It  is 
actually  directly  based  on  ejection  statistics;  and,  indirectly,  related  to  vertebral  body  compressive 
strength,  because  the  ejection  statistics  were  from  ejections  in  which  vertebral  injuries  were  sus¬ 
tained.  The  DRI  values  that  you  have  reported  are  so  low  that  I  fail  to  see  the  significance  in  men¬ 
tioning  them. 

BOWDEN  (re  BEEVIS  and  FORSHAW  paper),  CA:  I  would  say  that,  in  terms  of  ejection,  the  values  are 
very  low,  being  less  than  3G.  However,  in  this  Symposium,  we  are  considering  the  problem  of  repeated 
and  cumulative  exposures  to  stresses  which  are  not  individually  hazardous;  and,  therefore,  I  think  that 
the  lower  levels  of  stress  are  of  Interest.  Does  that  answer  your  question? 

PRIVITZER,  US:  I  may  have  misinterpreted  that  one  slide,  but  it  looked  like  the  severity  of  ex¬ 
posures  decreases  with  the  number  of  exposures.  It  seems  that  discomfort  and  severity  should  increase 
with  cumulative  exposures. 

BOWDEN  (re  BEEVIS  and  FORSHAW  paper),  CA:  The  slide  is  actually  a  graph  from  Allen's  paper,  and 
it  is  the  DRI  index  required  to  produce  a  given  level  of  discomfort  or  injury  as  a  function  of  the  num¬ 
ber  of  repetitions  of  the  exposure  to  shocks  of  that  DRI  index.  It  is  an  hypothesis.  I  believe  that 
Allen  extrapolated  beyond  the  data  for  ejection,  with  a  slope  somewhat  similar  to  that  chosen  for  ISO 
2631;  and  this  is  very  conjectural. 
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SUMMARY 

Coapressive  forces  nay  play  a  role  in  the  developaent  of  disc 
degeneration.  We  aeasured  the  disc  spaces  on  latereral  x-rays  of  the  luabar 
spine  in  fighter  pilots  with  and  without  a  history  of  sciatica,  and  coapared 
thea  to  those  of  asyaptoaatic  transport  pilots.  An  arbitrary  cutoff  point  for 
'noraal'  was  defined  and  the  proportion  of  each  group  with  narrowed  diec 
spaces  deterained.  Fighter  pilots  with  a  history  of  sciatica  had  a 
significantly  higher  proportion  of  those  with  narrowed  disc  spaces  than  did 
asyaptoaatic  transport  pilots.  Fighter  pilots  without  low  back  pain  had  an 
interaediate  proportion  with  narrowed  disc  spaces.  We  conclude  that  disc 
degeneration  aay  be  accellerated  by  repeated  Gz  forces  experienced  by  pilots 
of  fighter  aircraft. 

abbreviations i  LBP  »  low  back  pain. 


INTRODUCTION 

We  have  recently  reported  that  the  prevalence  of  a  history  of  LBP 
unassociated  with  flight  wae  nearly  identical  in  fighter,  transport  and 
helicopter  pilota(l).  Fighter  pilots  however,  had  nearly  twice  the  prevalence 
of  chronic  pain,  pain  requiring  bed  rest  and  pain  radiating  to  the  leg  in 
coaparlson  to  transport  and  helicopter  pilots.  In  the  following  report  the 
disc  spaces  aeasured  on  lateral  x-rays  of  the  luabar  spine  were  coapared  in 
fighter  pilots  with  and  without  sciatica,  and  in  asymptomatic  transport 
pilots,  inorder  to  determine  whether  or  not  fighter  pilots  are  at  increased 
risk  for  disc  degeneration. 

Methods 

A  questionnaire  on  low  back  pain  on  page-reader  foras  was  adainistered  to 
373  fighter  pilots,  16$  transport  pilots  and  264  helicopter  pilots.  The 
pilots  in  each  group  were  chosen  at  randoa  froa  those  undergoing  annual 
physical  exaaination  and  were  age  Batched.  Because  of  the  tendency  for  pilots 
to  play  down  physical  coaplalnts,  they  were  asked  to  report  any  history  of 
either  low  back  pain  or  diacoafort,  associated  or  teaporally  unasssoclated 
with  flying.  Sclatle  pain  was  defined  as  pain  that  radiated  to  the  leg. 
Severity  of  pain  was  assessed  by  whether  or  not  the  pain  radiated  to  the  leg 
(sciatica)  and/or  led  to  bed  rest,  or  loss  of  flight  tiae.  In  addition,  pilots 
were  questioned  about  pain  during  and  iaaediately  after  flight.  They  were 
assured  beforehand  that  their  answers  would  not  effect  their  flying  status. 
Statistical  coaparlson  was  done  by  the  chi-square  test. 

Lateral  x-rays  of  the  luabar  spine  with  the  patient  in  the  lateral 
recuabent  position  with  hips  and  knees  flexed  at  45  degrees  were  evaluated  in 
three  groups  of  pilots}  in  64  transport  pilots  and  $8  fighter  pilots  who 
denied  a  history  of  low  baok  pain,  and  in  33  fighter  pilots  who  coaplained  of 
LBP  radiating  to  the  leg.  All  of  the  pilots  were  between  the  ages  of  2$  and  3$ 
and  had  flown  for  at  least  6  years.  The  files  were  taken  at  100  oa-fila-focus 
distance  and  an  18  ca  distance  froa  the  aid  sagittal  plane  of  the  segaent  to 
the  flla.  The  beaa  was  centered  on  the  body  of  L3. 

The  four  "corners"  of  the  vertebral  bodies  were  narked  in  order  to 
quantitatively  deteralne  the  anterior  and  posterior  dlso  heights.  The 
dlstenoes  were  aeasured  to  the  nearest  1  aa.  The  sacral  angle  was  aeasured  as 
desoribad  previously  (2).  An  arbitrary  cutoff  point  for  "noraal"  was 
deterained  and  the  proportion  of  each  group  with  narrowed  disc  spaces  was 
deterained  for  L5-S1 ,  L4-L5  and  L3-L4.  In  addition  the  anterior  border  of  L3 
was  aeasured  to  assure  that  the  heights  of  the  vertebrae  in  the  three  groups 
v*r*  siailar.  The  signifioanoe  of  differences  was  deterained  by  the 
chi-squared  test  and  by  Fisher's  exact  test  when  the  nuabers  were  saall.  A  p 
value  of  less  than  0.0$  was  considered  significant. 
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♦Table  1.  The  prevalence  of  a  history  of  low  back  pain  (LBP) 
unaeaociated  with  flight. 


type  of  aircraft 
number  at  risk 

fighter 

373 

tranapbrt- 

165 

helicopter 

264 

LIFTS! - 

discoafort 

55(14.7) 

18(10.9) 

26(  9.8) 

pain 

94(25.2) 

52(31.5) 

70(26.5) 

Total 

149(39.9) 

70(42.4) 

96(36.4) 

*5Ith  permission*- fro»  Aviation  Space  Environ  Med~7ln  preae}  V57,  1986 


RESULTS 

Ve  have  shown  that  the  prevalence  of  low  back  discoafort  or  pain 
unrelated  to  flight  was  sillier  in  all  three  groups  of  pilots  (1) (Table  1). 
Fighter  pilots,  however  had  nearly  twice  the  prevalence  of  chronic  pain  and 
pain  radiating  to  the  leg  (Table  2).  Also  even  though  less  pain  during  flight 
was  experienced  by  fighter  pilots,  more  of  those  with  pain  had  discomfort  for 
at  least  24  hours  after  landing  (Table  3) 

♦Table  2.  The  severity  and  chronicity  of  low  back  pain  (LBP) 
unassociated  with  flight. 


type  of  aircraft 
Humber  with  LBP 

fighter 

94 

transport 

52 

Helicopter 

70 

Sciatica 

25125.5**7" 

5 7 9. ST" 

977279} 

bedrest 

24(25.5**) 

7(13.5) 

8(11.4) 

missed  flight 

29(30.9**) 

7(13.5) 

8(11.4) 

duration  over 

one  /ear 

27(28.7**) 

5(  9.6) 

11(15.7) 

♦With  permission  from  Aviation  Space 

Environ  Med  (in  press)  V57,  1986 

♦♦Signlf icantly  more 

than  transport 

and  helicopter 

pilots  (p  <  0.03) 

♦Table  3.  Low  back 

pain  during  and 

immediately  after  flight. 

Type  of  aircraft 

fighter 

transport 

helicopter 

number  at  risk 

373 

165 

264 

Low  back 

discomfort 

38(10.2) 

21(12.7) 

61(23.1*) 

pain 

48(12.9) 

8(  4.8) 

91(34.5*) 

Total 

86(23.1 ) 

29(17.6) 

152(57.6*) 

Persistence  of  pain 

or  dlacomfort  more 

than  24  hours  in  those  22(25.6**) 

2(  6.9) 

9(  5.9) 

with  LBP  or  discoafort 

♦With  permission  from  Avlat  Space  Environ" Med"tln-press)  V57,  1986 
♦♦Significantly  more  than  the  other  two  groups  of  pilots  (p  <  0.04) 


Lateral  x-rays  revealed  that  45. 5X  o f  the  fighter  pilots  with  sciatica 
had  narrowed  disc  spaces  at  L5-31  measured  posteriorly  compared  to  only  3. IX 
in  the  control  group  (Table  4).  Fighter  pilots  with  sciatica  had  nearly  twice 
the  frequency  of  narrowed  disc  than  did  fighter  pilots  without  LBP  (  45. 5X 
versus  25. 9X,  p  4  0.06).  A  trend  for  an  increased  proportion  of  narrowed 
discs  in  fighter  pilots  with  sciatica  was  found  for  the  L4-L5  interspace  as 
well.  Anterior  measurements  showed  a  similar  trand  whioh  did  not  reach 
statistical  significance  because  of  small  numbers  (Table  5).  Sacral  angles 
were  not  significantly  different  when  comparing  the  three  groups  of  pilots 
(Table  6).  The  anterior  border  of  L3  was  similar  in  all  three  groups  of  pilots 
(37.1  mm  in  fighter  pilots  with  sciatica,  37.0  mm  in  fighter  pilots  without 
LBP,  and  37.8  mm  in  transport  pilots). 


Table  4.  Posterior  disc  spaces  In  pilots  with  end  without  low  beck  peln. 


Fighter  pilots 

transport  pilots 

Sciatica 

Ho  LBP 

Ho  LBP 

Ho  at  risk 

33 

58 

54 

Disc  space 

nSTxT 

■  -Km 

io(Xj 

L5-S1  1  aa 

15(45.5)* 

15(25.9)* 

2(3.1) 

L4-L5  3  aa 

11(33.3)* 

14(24.1) 

6(9.4) 

L3-L4  3  aa 

1(  2.1) 

4(  6.9) 

4(6.3) 

•Significantly  aore  than  found 

in  transport  pilots,  p  <  0.004 

Table  5.  Anterior 

disc  spaces 

in  pilots  with  and  without  LBP 

Fighter  pilots 

Transport  pilots 

Sciatica 

No  LBP 

Ho  LBP 

At  risk 

33 

58 

64 

Disc  spaces 

No(X) 

Ho  ( X) 

Ho(X) 

L5-S1  10  aa 

4(12.1) 

7(12.1 ) 

4(6.3) 

L4-L5  12  aa 

4(12.1) 

8(13.8) 

3(4.7) 

L3-L4  10  aa 

4(12.1) 

7(12.1) 

3(4.7) 

DISCUSSION 

The  naln  finding  In  our  study  Is  that  fighter  pilots  have  an  Increased 
prevalence  of  LBP  with  radiation  to  the  leg  and  that  this  finding  is 
associated  with  narrower  posterior  disc  spaces  in  oonparisoa  to  transport 
pilots  without  LBP.  The  fact  that  fighter  pilots  without  LBP  also  had  narrower 
disc  spaces  suggests  that  this  phenoaonen  is  related  to  flight. 

Our  results  should  be  interpreted  with  caution.  There  is  considerable 
intra-individual  variation  of  disc  space  aeasurenents  because  of  both  reader 
Judgement  and  orientation  differences  (3).  This  variation,  however  le  only 
likely  to  decrease  real  differences.  In  addition  different  flight  profiles  nay 
prevent  extrapolation  of  our  data  to  airforce  personnel  of  other  countries. 
Studies  therefore  in  other  airforces  are  warranted  to  conflra  our  findings. 

Recently  Witt  et  al  (4)  found  no  difference  in  the  prevalence  of  disc 
degeneration  in  those  with  sciatica  coapared  to  those  without  LBP  in  those 
over  40  years  old  and  only  a  snail  insignificant  difference  noted  in  those 
under  40.  Their  cohort,  however  included  those  between  the  ages  20  and  70,  and 
degeneration  of  the  diso  was  not  defined.  The  significant  association  we 
observed  between  sciatica  and  narrowed  disc  spaces  nay  have  been  due  to  the 
fact  that  disc  spaces  were  measured  and  that  our  study  group  was  more 
honogeneous  in  regards  to  age,  body  build  and  notivatlon.  Other  studies, 
predoalnently  of  selected  elderly  patients  have  found  an  increased  prevalence 
of  disc  degeneration  in  those  with  sciatica  coapared  to  controls  (5-8). 

It  is  not  suprlsing  that  helicoptsr  pilots  have  the  saae  prevalence  of 
LBP  unassociated  with  flight  as  do  fighter  snd  transport  pilots.  Shanahan  et 
al  (9)  has  shown  that  poor  posture  is  primarily  responsible  for  the  back  pain 
experienced  by  helicopter  pilots  during  flight.  Under  experinental  conditions, 
with  pilots  sitting  in  the  usual  position  with  their  bodies  bent  forward  and 
leaning  slightly  to  the  left,  the  saae  pain  was  produced  under  vibrational  and 
non  vibrational  conditions.  Furtheraore,  the  only  studies  showing  an 
association  between  vibrational  stress  and  LBP  were  either  uncontrolled  or 
when  a  control  group  was  available,  the  vibrational  forces  could  not  be 
separated  out  froa  other  associated  stresses  (10,11). 

It  appears  therefore  that  fighter  pilots  are  a  group  at  increased  risk 
for  aore  severe  back  probleas.  Anatoaic  studies  have  indicated  that  disc 
degeneration  begins  in  early  life  and  is  prevalent  in  young  adults  (12,13). 
This  process  nay  be  aggrevated  by  the  repeated  0s  forces  experienced  by  pilots 
of  fighter  aircraft.  Careful  follow-up  of  suoh  pilots  is  warranted. 
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Table  6.  Sacral  angle  In  pilot*  with  and  without  LBP 


Fighter 

pilots 

Transport  pilots 

sciatica 

lo  LBP 

■o  LBP 

At”rlsk"TSo} 

33 

58 

li 

Degrees 

hoT5T“ 

HoT*T 

lorn 

20-29 

1(3.2) 

6(10.3) 

4(6.3) 

30-39 

10(32.3) 

15(25.9) 

18(28.1 ) 

40-49 

11(35.5) 

22(37.9) 

26(40.6) 

50-59 

6(19.4) 

12(20.7) 

9(14.1) 

60+ 

3(  9.7) 

3(  5.2) 

4(  6.3) 
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SUMMARY 

A  questionnaire  aaaaaaaant  wan  parforaad  in  a  collective  of  88  Jat-  and  prop-pilota. 
Approxiaatalj  half  of  tha  pilota  auffar  froa  backacha.  A  aignlf leant  connection  between  the  nunber 
of  flying  honra,  annual  flying  otrasa  and  aporta  activities  can  not  be  ascertained.  Tha  duration 
of  tha  aitting  posture  and  O-loads  are  subjectively  elaaaiflad  as  being  the  highest  body  stress, 
whereas  vibrations  play  a  secondary  role.  The  cold  pilot's  seat  in  winter  and  the  uneoafortable 
harness  are  objects  of  particular  coaplainta.  Concrete  facts  indicate  that  in  an  effort  to  avoid 
vertebral  pain  the  seat  seat  be  constructed  in  such  a  Banner  as  to  avoid  excessive  posterior 
P*lti»  tilt.  5W  of  the  pilota  questioned  are  of  the  opinion  that  their  flying  duty  causes  health 
dasages. 


PROBLEM 

Lately  the  discussion  about  a  connection  between  silitary  flying  duty  and  possible  vertebral 
dasages  has  increased.  So  far  the  interest  was  predoainantly  concentrated  on  the  group  of  helicopter 
pilota  and  on  the  question  of  presature  attrition  eaused  by  increased  vibrational  stress  (e.g.2,3,7). 

The  present  study  attespts  in  sn  inforaational  way  to  clarify,  which  lsportance  should  be  attri¬ 
buted  to  the  problen  of  "back  pain"  in  jet  and  prop  wings. 

Of  interest  were  frequency  of  back  pain,  its  synptonatology ,  age  distribution,  flying  stress 
and  clues  pointing  to  possible  causes  in  connection  with  the  flying  duty.  Moreover,  the  subjective 
pilots 'assesssent  of  certain  workloads  during  flying  duty  had  to  be  recorded. 

METHODS 

The  study  was  conducted  as  a  questionnaire  assesssent  in  a  collective  of  88  pilots  and  weapon 
spates  operators  (WSO).  It  was  cosprised  of  $7  jet-pilots  reap.  WSO,  20  prop-pilots,  and  11  pilots 
flying  jet  as  well  as  prop  aircraft. 

47  test  persons  of  the  collective  were  younger  than  40  years,  41  subjects  were  40  years  or  older. 

The  questionnaire  consisted  of  45  single  questions,  which  in  turn  could  be  subdivided  into  a 
total  of  162  variables.  In  order  to  isprove  cooperation  and  to  achieve  greater  frankness  in  answer¬ 
ing  the  questions  the  assesssent  was  perforsed  anonysously. 

RESULTS 

52.3  0,  i.e.  approxlsately  half  of  the  collective  questioned,  states  that  they  suffer  fros  back 
pain  (Tig.  1).  In  prop-pilots  the  percentage  is  sosewhat  higher  than  in  jet-pilots,  but  the  differ¬ 
ence  is  not  significant. 

As  shown. in  Tig.  2,  the  sajority  of  coaplainta  begins  gradually  and  is  only  present  part  of  the 
tine.  While  in  prop-pilots  there  is  also  a  certain  percentage  of  prolonged  pain,  part  of  the  jet- 
pilots  indicate  a  rather  intersittent  course.  Dragging  pain  is  sore  often  found  in  prop-pilots, 
while  jet-pilots  show  a  tendency  for  stabbing  pain  (Tig.  3).  The  differences  say  be  attributed  to 
the  different  operational  profile  between  jet  and  prop.  Both  groups  state  that  the  coaplainta  have 
a  predoainantly  dull  character. 

Troa  the  periodic  aeroaedleal  exaainations  we  know  that  in  the  wing  concerned  there  were  only 
4  eases  is  which  a  root  oospression  could  be  clinically  verified.  This  corresponds  to  a  frequency 
of  about  30.  Thus,  wc  think  that  the  coaplainta  encountered  rather  point  to  alterations  in  the 
joints  of  the  vertebral  arch  and  to  auscular  tensions. 

Tig.  4  shows  which  factors  cause  unpleasant  sensations  for  the  pilots  in  flight. 

Tor  the  prop-pilots  questioned,  the  only  probleas  are  sitting-  respectively  working-posture  and 
draught. 

Is  contrast  sovoaonts  of  the  head  under  0-loads  and  the  0-load  per  se  have  a  greater  lsportance 
for  jot-pilots.  It  is  of  interest  to  note  that  turbulences  and  vibrations  are  hardly  considered 
to  be  straining  in  both  groups.  Altogether  the  individual  factors  cause  an  increased  aaount  of 
unpleasant  sensations  in  the  group  with  back  pain. 

Every  pilot  questioned  was  asked  for  an  assesssent  within  a  3-step  graduation  how  atrongly  he 
fools  stress  by  the  factors  of  0- forces,  vibration  and  duration  of  sitting  during  flight.  The  0- 
scors  fcereby  stands  for  a  eosplete  absence  of  any  subjective  strain,  whereas  a  score  of  5  corre¬ 
sponds  to  very  high  strain. 

lore  it  is  of  interest  to  note  the  high  scoring  of  the  duration  of  sitting  in  the  jet-  as  well 
as  in  the  prop-group  (Tig.  3).  The  obvious  dif foresee  in  the  assesssent  of  the  0- forces  is  due  to 
the  different  operational  profiles. 

It  is  surprising,  however,  that  prop-pilots  classify  vibrational  stress  significantly  lower  than 
the  jot-pilots.  Evidently  turbulences  encountered  in  jet  aircraft  play  a  greater  role  than  vibrations 
due  to  prop-propulsion. 


Tli*  group  having  hack  pain  do*s  not  significantly  differ  in  ita  assessment  fro*  th#  group 
without  back  pain  (Fig.  6).  Thar*  ia,  however,  a  diatinet  influence  of  tha  nuabar  of  flying 
houra  (Fig.  7).  Parson*  with  a  high  nuabar  of  flying  hours  assass  0- forces  and  vibration  signi¬ 
ficantly  lowar  than  subjects  having  a  low  nuabar  of  flying  hours.  This  say  b*  a  kind  of  habitu- 
ational  affact.  Such  habituation,  howavar,  can  not  ba  idantifiad  for  tha  duration  of  sitting,  w* 
rathar  nota  a  saall  ineraasa.  So  this  again  shows  tha  isportanea  of  aitting  postura  for  tha  pilots 
indapandant  of  thair  flying  axparianea. 

Tha  ralativaly  high  anount  of  uncoafortabla  sansations  in  eonnaetion  with  tha  sitting  postura 
is  obviously  elosaly  ralatad  to  tha  saat  construction.  Fig.  8  illustrates  th*  essential  points 
of  critieis*  relating  to  th*  saat  lay-out  as  stated  by  th*  pilots.  Especially  unpleasant  sansations 
are  attributed  to  th*  cold  saat  during  winter  ti*a,  th*  uncosfor table  harness  and  tha  absence  of 
upper  thigh  supports. 

It  is  interesting  that  th*  factors  "Upper  Thigh  Support",  "Angle  of  Back  Bast  Inclination",  and 
"lowar  Back  Support"  ar*  definitely  nor*  often  criticised  by  th*  group  experiencing  back  pain.  This 
points  to  a  certain  interrelation.  If  th*  layout  of  these  three  factors  is  not  appropriate  an  in¬ 
creased  tilt  of  th*  pelvis  in  th*  sitting  posture  will  result,  ".'his  in  turn  causa*  partial  or  coa- 

?lata  aliaination  of  th*  1 unbar  lordosis  and  induces  a  higher  strain  of  th*  dorso-luabar  region 
so*  5  and  6).  Th*  diagraa  reproduced  refers  to  th*  ejection  saat  of  a  jot  aircraft  in  th*  flying 
wing  investigated.  As  for  propeller  aircraft  we  were  not  able  to  prove  a  slailar  interrelationship. 
That  sitting  posture  independent  of  specific  workload  plays  a  key  role  with  respect  to  baok  pain 
is  shown  in  Fig.  10.  Nearly  all  pilots  with  back  pain  also  have  these  complaints  when  driving  a 
car.  Contrary  to  this,  pilots  free  of  pain  also  norsally  have  no  coaplalnt*  whilst  driving. 

He  were  also  interested  to  find  out  to  what  extent  th*  frequency  of  back  pain  depends  on  the 
aaount  of  flying  hours. 

As  shown  in  Fig.  11  pilots  with  back  pain  have  aignificantly  higher  flying  hours  than  pilots  with¬ 
out  back  pain.  Th*  frequency  distribution  as  a  function  of  flying  hours  is  represented  in  Fig. 12. 

However,  pilots  having  back  pain  are  also  older  on  th*  average  than  pain-free  pilots.  He 
suppose  that  this  sight  essentially  ba  attributed  to  physiological  wear  with  ag*ing(Fig.  13). 

Fig.  1b  shows  th*  frequency  distribution  found  in  our  collective. 

Since  th*  nuaber  of  flying  hours  also  depends  on  age,  w*  had  to  find  a  procedure  which  would 
eliminate  th*  influence  of  age. 

To  this  and  w*  first  considered  th*  dependence  of  flying  hours  fro*  th*  view  point  of  ago. 

Every  dot  in  Fig.  13  represents  th*  flying  houra  of  a  single  pilot  in  relationship  to  his  age. 

Th*  regression  line  indicated  illustrates  th*  functional  correlation  between  both  paraaetara.  Thus, 
w*  were  able  to  predict  th*  average  flying  hours  in  our  collective  relating  to  eaeh  age.  Th* 
distance  of  on*  dot  fro*  th*  straight  line  is  an  indication,  how  such  th*  nuaber  of  flying  hours 
of  a  pilot  is  above  or  below  th*  average  flying  hours  of  his  age  group.  Now,  when  coaparlng  the 
group  located  above  the  average  with  the  group  situated  below  th*  average,  there  is  no  longer  a 
significant  difference  with  respect  to  th*  frequency  of  back  pain  (Flg.l6).  This  naans,  that 
th*  originally  found  relationship  is  only  due  to  age  and  is  generated  by  the  fact  that  th*  paraae- 
tera  "Flying  Hours”  and  "Frequency  of  Back  Pain"  are  slaultaneously  correlated  with  age  (8). 

This  is  again  illustrated  in  a  different  way  in  Fig. 17.  When  subdividing  the  entire  collective 
into  age  categories  of  about  th*  sea*  sis*  and  when  ooaparing  the  groups  with  and  without  back 
pain  with  respect  to  their  nuaber  of  flying  hours  within  these  categories,  no  significant  differ¬ 
ence  is  found  in  five  of  th*  six  categories.  There  is  only  a  significant  difference  in  th*  age 
category  between  26  and  30  years  which,  however,  aay  not  be  overinterpreted  because  of  th*  very 
low  case  nuaber  in  this  category  (ns  11). 

Another  possibility  to  ellainat*  th*  "Age"  parameter  is  to  consider  th*  flying  hour  stress 
per  year  and  not  th*  absolute  nuaber  of  flying  hours.  Th*  straight  lines  drawn  in  Fig.  18 
represent  the  annual  flying  hours  stress  separately  for  th*  group  with  and  without  back  pain. 

Again  no  essential  difference  is  found  between  both  groups. 

Now,  Fig. 19  shows  a  nuaber  of  other  factors  which  aight  possibly  have  an  influence  on  th* 
frequency  of  back  pain.  He  were  unable  to  find  aay  significant  correlation  between  th*  frequency 
of  back  pain  and  those  factors  in  our  collective.  Sports  activities  ar*  illustrated  in  detail  in 
Fig.  20.  As  can  be  seen,  there  ia  no  single  sporting  activity  showing  a  significant  difference 
between  th*  nuaber  of  pilots  with  and  without  back  pain.  Bence,  it  aust  be  assuaed  that  sports 
activities  presently  practiced  ia  th*  exaained  collective  obviously  have  no  detriaental  effects 
on  th*  back  nor  can  they  be  considered  as  a  suitable  prophylactic  measure  against  baok  pain. 

Finally  w*  were  Interested  in  th*  attitude  th*  pilots  have  relating  to  th*  question  of  possible 
health  daaages  as  a  result  of  flying  duties.  As  shown  la  Fig.  21  exactly  half  of  th*  pilots 
questioned  have  th*  iapressloa,  that  such  noxious  effects  ar*  present.  W*  could  not  prove  signi¬ 
ficant  differences  between  th*  jet-  and  prop-group,  however,  distinctly  between  th*  groups  with 
and  without  back  pain  (Fig.  22). 

V*  searched  for  possible  causes  for  this  opinion  (Flg.23).  In  doing  so  it  is  interesting  to 
not*  that  no  connection  can  be  construed  with  th*  aajorlty  of  factors,  which,  according  to  our 
aseesaaent  constitute  th*  essential  causes  for  uncoafortabl*  sensations  in  flight.  Finally,  a 
noxious  effect  is  only  attributed  to  Q-forces  and  th*  stress  caused  by  duration  of  sitting. 

Th*  question,  whether  they  would  still  chocs*  a  flying  career  if  they  had  to  sake  th*  decision 
again  was  answered  in  th*  affiraativ*  by  92.9*  of  th*  pilots  without  pain  but  only  by  87*  of  th* 
pilots  with  pain  (Fig.  24).  While  the  difference  is  net  statistically  significant,  a  certain  ten¬ 
dency  is  nevertheless  evident. 


5A-3 


CONCLUSIONS 

1.  A  causal  connection  between  frequency  of  back  pain  and  flying  hoars  stress  can  not  be 
verified. 

2.  The  frequency  of  back  pain  is  distinctly  age-dependent  and  hence  nay  be  traced  to  eoapletely 
noraal  aigns  of  attrition  of  the  ageing  process. 

3.  Back  pain  constitutes  a  considerable  subjective  lapairaent  not  only  for  helicopter  pilots 
but  also  for  jet-  and  prop-pilots.  The  frequency  of  coaplaints  of  47. 4N  found  In  jet-pilots 
lies  above  the  value  of  approxiaately  3 OX  known  sc  far  (1,4).  This  nay  be  due  to  the  fact 
that  foraer  studies  did  not  differentiate  between  pilots  with  a  purely  reconnaissance  nlaslon 
and  pilots  having  a  coabat  aisaion.  To  obtain  expressive  results  future  studies  will  have  to 
consider  the  aission  profiles. 

4.  The  sitting  posture  is  one  of  the  aost  laportant  stress  factors  on  the  body.  As  part  of  the 
design  of  pilots  seats  all  conceiveable  seas urea  should  be  taken  which  are  appropriate  to 
avoid  an  unstable  spinal  posture.  In  particular  a  too  strong  pelvis  tilt  to  the  rear  should 
be  prevented  in  order  to  reduce  static  auscle  work  and  strain  on  intervertebral  disks  to  a 
ainiaua. 

5.  A  fitness  and  coapensation  sports  training  depending  on  the  flying  aasignaent  should  be  deve¬ 
loped  for  the  individual  pilot  groups.  In  this  context  the  specific  strain  on  the  spinal 
eoluan  should  be  considered  to  initiate  physical  training  aethods  which  are  actually  suitable 
and  through  which  we  can  achieve  a  significant  reduction  of  the  frequency  of  back  pain. 

6.  When  investigating  the  connection  between  flying  stress  and  daaages  to  the  spine  the  age 
factor  aust  be  eliainated  through  a  procedure,  e.g.  as  applied  by  us,  since  otherwise 
strongly  aisleading  results  are  obtained. 

7.  As  soon  as  verified  results  on  a  aore  or  less  possible  interrelationship  between  flying 
stress  and  spinal  daaages  are  available,  detailed  and  realistic  inforaation  should  be  passed 
on  to  pilots.  This  is  very  laportant  because  of  the  fact  that  at  the  present  tlae  there  is  a 
widespread  negative  attitude  concerning  the  problea  of  poaaible  health  daaages.  And  this  nay 
have  an  essential  lapairaent  on  flying  aotlvation. 
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NUMBER  OF  AIRCREW  ASKED  RETROSPECTIVELY 
IF  THEY  WOULD  STILL  ELECT  TO  BE  AIRCREW 


Fig.  24 


DiaCUSalOH 


KLAVENESS,  NOt  Did  you  consider  whether  or  not  back  pain  In  your  pilots  was  related  to  flying? 

TBOMA,  GSi  Our  question  was  *To  what  extent  did  backache  occur  during  flight  or  In  relation  to  a 
particular  flying  mission?*  We  will  extend  our  studies  In  the  future  and  sake  the  question  sort  speci¬ 
fic*  so  that  we  will  get  information  about  pain  during  flight;  especially  that  pain  which  say  Impair 
concentration  or  reduce  the  assurance  of  ccapletlng  a  alsslon.  For  this  study,  we  did  not  ask  ques¬ 
tions  in  a  very  detailed  manner. 

XLAVBNESS,  NOt  So  the  figures  that  you  presented  relate  to  all  types  of  back  pain,  flying  and 
non- flying? 

IBOm,  GEt  Yes,  most  of  the  pilots  experiencing  back  pain  stated  that  they  had  pain  pre¬ 
dominantly  in  the  luabar  region. 

KLAVENESS,  NOt  You  have  answered  ay  question.  In  the  case  of  the  Jet  pilots,  what  aircraft  were 
they  flying  and  what  ejection  seats  were  fitted  into  these  aircrafts? 

THOHh,  GEt  It's  a  very  snail  aircraft.  It's  called  the  Alpha  jet  and  it's  an  aircraft  for 
training  young  students  who  have  returned  fron  their  initial  flight  training  in  the  USA  and  are  now  ob¬ 
taining  soae  specialisation  in  European  airspace.  The  prop  planes  were  the  Piaggio  149  and  the  Dornier 
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SUMMARY 

The  relationship  of  back  discomfort  to  military  helicopter  flight  operations 
was  studied  in  this  questionnaire  survey  of  802  U.S.  Army  helicopter  pilots.  Of 
the  surveyed  population,  584  (72.8%)  pilots  reported  experiencing  back  discomfort 
while  flying  over  the  last  two  years.  The  discomfort  generally  was  described  as 
a  dull  ache  confined  to  the  lower  back,  with  a  mean  onset  time  of  88  minutes  into 
a  mission.  The  relationship  of  reporting  the  pain  to  physical  characteristics,  past 
medical  history,  physical  activity,  and  aviation  experience  is  discussed.  For  over 
half  of  the  respondents  (50.1%),  the  pain  was  transient  (less  than  24  hours  dura¬ 
tion),  resolving  rapidly  after  discontinuing  a  provoking  flight.  Nevertheless,  there 
was  a  significant  number  of  aviators  who  reported  persistent  symptoms  lasting  over 
48  hours  (14.5%).  Possible  etiologies  of  the  pain  for  both  groups,  as  well  as  poten¬ 
tial  methods  of  prevention  are  discussed. 

A  high  incidence  of  back  pain  in  helicopter  flight  crews  has  been  documented 
in  numerous  studies,  primarily  by  European  authors  over  the  last  25  years  (Delahaye, 
1982;  Fitzgerald,  1968;  Fitzgerald,  1972;  Gearhart,  1978;  Ranee,  1974;  Schulte-Wintrop, 
1978;  Sliosberg,  1962).  Incidences  have  varied  widely  in  these  reports  apparently 
depending  on  the  population  studied,  sample  size,  and  the  type  and  duration  of  mis¬ 
sions  typically  flown  by  the  sample  population. 

The  U.S.  Army  operates  the  largest  helicopter  fleet  in  the  free  world,  and  Army 
flight  surgeons  long  have  suspected  that  a  large  proportion  of  Army  helicopter  pilots 
complain  of  back  pain  associated  with  their  flying  duties.  If,  in  fact,  a  large 
proportion  of  Army  pilots  suffer  from  back  pain  while  flying  or  as  a  result  of  fly¬ 
ing,  this  pain  could  be  having  a  significant  impact  on  aviation  operational  readiness, 
effectiveness,  and  flight  safety.  Consequently,  a  questionnaire  survey  of  Army  heli¬ 
copter  pilots  was  conducted  to  determine  the  extent  of  the  problem,  the  nature  of 
the  pilots'  complaints,  and  associated  risk  factors. 


MATERIALS  AND  METHODS 

A  33-question  survey  was  prepared  which  covered  various  aspects  of  pilots'  med¬ 
ical  history,  aviation  experience,  and  social  history.  It  also  sought  responses 
as  to  whether  or  not  pilots  had  experienced  back  discomfort  while  flying  at  any  time 
during  the  preceding  two  years.  For  those  who  answered  affirmatively,  more  details 
were  sought  about  frequency  of  occurrence,  initial  onset,  duration  of  symptoms,  in¬ 
tensity  of  discomfort,  location  of  discomfort,  radiation  of  symptoms,  and  the  extent 
such  symptoms  were  related  to  various  aircraft  types. 

A  cover  letter  attached  to  each  questionnaire  requested  cooperation  and  guaran¬ 
teed  each  respondent  anonymity.  The  questionnaires  were  sent  to  four  U.S.  Army  avi¬ 
ation  installations  where  a  previously-briefed  individual  administered  the  survey. 

This  individual  was  either  a  flight  surgeon  or  an  aviation  safety  officer  who  was 
instructed  to  conduct  the  survey  during  a  regularly-scheduled  aviation  safety  brief¬ 
ing.  To  avoid  generating  unnecessary  adverse  reaction  toward  the  survey,  pilots 
were  not  assembled  specifically  to  answer  the  questionnaire.  Respondents  received 
no  instructions  other  than  those  contained  in  the  cover  letter  and  the  questionnaire 
itself.  The  pilots  were  requested  to  turn  in  a  blank  questionnaire  if  they  did  not 
feel  they  could  answer  the  questions  fully  and  honestly.  The  questionnaire  required 
10  to  15  minutes. 

Completed  questionnaires  were  returned  to  the  authors  and  each  response  coded. 

Data  analysis  was  done  with  a  VAX  11/780  computer  using  the  Statistical  Package  for 
the  Social  Sciences  (SPSS)  computer  program  (Nie,  1975).  For  continuous  variables 
whose  distribution  was  reasonably  normal,  such  as  respondent  age,  height,  and  weight, 
t-tests  were  performed.  Kolmolgorov-Smirnov  tests  were  used  for  variables  whose 
distributions  departed  markedly  from  normal.  This  was  the  case  for  measures  of  flight 
experience  which  were  extremely  positively  skewed.  Responses  requiring  only  frequency 
or  classification  analysis  were  analyzed  using  chi-square  tests. 

RESULTS 

Of  1,100  questionnaires  mailed  to  the  four  Army  installations,  802  completed 
questionnaires  were  returned  for  a  72.9  percent  response  rate.  Of  the  802  respondents, 
584  (72.8%)  reported  they  had  experienced  one  or  more  episodes  of  "back  discomfort" 
while  flying  helicopters  over  the  last  two  years,  while  218  (27.2%)  denied  having 


problems.  These  two  groups  formed  the  basis  of  this  study  and  are  referred  to  as 
the  "pain"  and  "no  pain"  groups  respectively. 

Table  I  summarizes  the  means  (11  S.D.)  for  the  age,  height,  weight,  waist,  flight 
hours,  and  years  flight  experience  for  both  groups.  There  were  no  significant  differ¬ 
ences  in  these  characteristics  between  the  groups  except  for  total  rotarv-wing  flight 
hours . 


TABLE  I 

GENERAL  PILOT  CHARACTERISTICS  (MEAN  1S.D.) 
FOR  PAIN  AND  NO  PAIN  GROUPS 


Pain 

No 

Pain 

p-Value 

Age  (Years) 

30.8 

(±6.3) 

31.3 

(±6.3) 

0.283 

Height  (inches) 

70.5 

(±3.2) 

70.8 

(±3.8) 

0.241 

Weight  (pounds) 

174.1 

(±20.0) 

174.3 

(±20.2) 

0.889 

Waist  (inches) 

33.4 

(±3.4) 

34.4 

(±8.6) 

0.654 

Years  Flight 

6.9 

(±6.0) 

6.8 

(±6.0) 

0.436 

Total  Flight  Hours 

2107.3 

(±2687.6) 

1728.9 

(±2135.3) 

0.747 

Fixed-Wing  Hours 

593.2 

(±1507.7) 

654.7 

(±2466.9) 

0.970 

Rotary-Wing  Hours 

1824.8 

(±1977.8) 

1491.7 

(±1772.0) 

0.0001 

The  history  of  sports  participation  and  other  physical  activities,  during  adoles¬ 
cence  and  currently,  was  compared  for  the  pain  and  no  pain  groups.  There  was  no 
association  between  the  reporting  of  pain  during  flight  and  participation  in  any 
particular  sport  or  physical  activity,  either  previously  or  currently.  To  compare 
the  two  extremes  of  physical  activity,  those  who  had  reported  that  they  had  never 
participated  in  any  sports  or  physical  activities  were  compared  with  those  who  re¬ 
ported  that  they  currently  participated  in  three  or  more  sports  or  physical  activities 
There  was  no  significant  difference  between  these  two  groups  in  the  reporting  of 
pain  while  flying.  Similarly,  there  also  was  no  statistical  difference  in  the  self- 
reported  physical  condition  between  the  pain  and  no  pain  groups  (Table  II). 


TABLE  II 

SELF-REPORTED  PHYSICAL  CONDITION  FOR 
PAIN  AND  NO  PAIN  GROUPS 


Excellent 

Good 

Poor 

Pain 

236 

338 

6 

(40.7%) 

(58.3%) 

(1.0%) 

No  Pain 

103 

113 

0 

(47.7%) 

(52.3%) 

(0%) 

p  >0.05 


Previous  medical  history  and  its  relationship  to  the  reporting  of  back  discomfort 
during  flight  also  was  explored.  It  was  interesting  that  reporting  a  "previous  back 
problem”  was  not  associated  significantly  with  experiencing  pain  during  flight  (Table 
III),  while  there  was  a  highly  significant  association  (p  <0.0025)  of  a  "previous 
back  injury  with  symptoms  lasting  longer  than  24  hours"  with  the  reporting  of  pain 
while  flying  (Table  III).  Not  surprisingly,  pilots  having  sought  medical  attention 
for  a  back  problem  (p  <0.001)  and  those  having  missed  work  because  of  a  back  problem 
(p  <0.025)  also  were  significantly  associated  with  the  reporting  of  pain  while  flying. 
Only  14.4  percent  of  the  pain  group  attributed  symptoms  to  a  specific  past  injury,  and 
2.2  percent  of  them  reported  the>  required  a  medical  waiver  to  remain  on  flight  status 
There  was  no  association  between  reported  smoking  history,  either  in  terms  of  whether 
a  respondent  smoked  or  not  or  total  pack-years,  and  the  occurrence  of  back  pain. 

An  attempt  was  made  to  characterize  symptoms  reported  by  the  584  aviators  who 
reported  back  discomfort  while  flying.  Figure  1  depicts  where  the  discomfort  most 
frequently  occurred  for  each  individual.  Seventy  percent  of  respondents  most  fre¬ 
quently  experienced  discomfort  in  the  lower  back.  Discomfort  in  the  buttocks  (16.6t) 
was  the  next  most  frequently  reported  region,  while  relatively  few  pilots  reported 
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symptoms  in  other  regions.  Numbness  in  the  legs  was  a  frequent  occurrence  (34.4%), 
while  only  4.3  percent  of  the  pain  group  noted  episodes  of  numbness  in  the  arms. 
Respondents  were  asked  to  rate  the  intensity  of  the  discomfort  they  experienced  on 
a  scale  of  one  to  nine,  with  one  representing  no  pain  and  nine  representing  excruciating 
pain.  Figure  2  shows  a  frequency  distribution  of  their  responses.  The  modal  intensity 
was  three  with  a  mean  response  of  4.2.  Therefore,  the  pain  most  pilots  reported 
can  be  characterized  as  mild-to-moderate .  Figure  3  depicts  the  frequency  of  flights 
during  which  the  respondents  experienced  symptoms.  There  is  a  wide  variation  in 
reported  frequencies  and  only  26  percent  of  respondents  reported  back  pain  symptoms 
on  more  than  50  percent  of  their  flights.  An  observation  that  probably  relates  to 
this  finding  is  that  the  mean  duration  of  flight  required  to  produce  symptoms  in 
the  pain  group  was  88  minutes.  Pilots  were  asked  to  rate  the  different  types  of 
aircraft  they  had  flown  as  to  their  propensity  to  cause  them  back  discomfort.  Analysis 
of  these  data  failed  to  show  any  significant  association  of  the  reporting  of  pain 
with  any  particular  aircraft  type. 


TABLE  III 

RELATIONSHIP  OF  PAST  MEDICAL  HISTORY 


TO  THE 

REPORTING 

OF  BACK 

PAIN  DURING 

FLIGHT 

Previous  Back 
Problems 

Previous  Back 
Injury 

Sought  Medical 
Advice 

Lost  Work 
Because  of 
Back  Pain 

Yes  No 

Yes 

No 

Yes 

No 

Yes 

No 

Pain 

81  503 

(13.9%)  (86.1%) 

224 

(38.4%) 

360 

(61.6%) 

228 

(39.0%) 

356 

(61.0%) 

126 

(21.6%) 

458 

(78.4%) 

No  Pain 

40  178 

(18.2%)  (81.8%) 

58 

(26.6%) 

160 

(73.4%) 

54 

(24.8%) 

164 

(75.2%) 

31 

(14.2%) 

187 

(85.8%) 

p  >0.05 

p  <0 

.005 

p  <0 

.001 

p  <0.05 

Anns  Neck  High  MMdls  Law  Buttocks  Lsgs 
ShouMsrs  Back  Back  Back 


Primary  Location  off  Discomfort 


Figure  1.  Histogram  depicting  where  back  discomfort  most  frequently  occurred 
for  each  respondent  who  reported  experiencing  back  discomfort  during  flight. 
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Figure  2.  Histogram  depicting  the  intensity  of  pain  reported  by  respondents 
in  the  pain  group.  1  =»  no  pain;  9  =  excruciating  pain. 
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Figure  3.  Histogram  depicting  percentage  of  missions  during  which  each 
respondent  in  the  pain  group  reported  experiencing  back  discomfort. 


6-5 


The  questionnaire  required  responses  to  a  series  of  questions  of  how  afflicted  I 

aviators  tried  to  alleviate  their  symptoms.  The  results  are  summarized  in  Table  IV.  J 

It  is  interesting  that  28.4  percent  admitted  to  rushing  through  one  or  more  missions  I 

due  to  their  back  pain  and  7.5  percent  said  they  had  refused  a  mission  because  of 
back  pain.  Most  pilots  (83.5%)  said  they  frequently  shifted  their  sitting  positions, 
and  about  a  third  (32.7%)  relinquished  the  controls  to  a  copilot  to  help  alleviate 
their  pain.  Additionally,  27.8  percent  of  the  respondents  reported  they  used  an 
extra  seat  or  lumbar  cushion,  and  22.9  percent  stated  they  loosened  their  lap  belts 
to  help  relieve  discomfort. 

TABLE  IV 

METHODS  EMPLOYED  TO  ALLEVIATE  SYMPTOMS 


No.  of  Respondents  (%)* 


Extra  Seat  Cushion 

64 

(11.0%) 

Lumbar  Pad 

90 

(16.8%) 

Loosen  Seatbelt 

134 

(22.9%) 

Relinquish  Controls  to  Copilot 

191 

(32.7%) 

Rush  Missions 

166 

(28.4%) 

Refuse  Missions 

44 

(7.5%) 

*  Represents  percentage  of  the  total  pain  group  of  584  respon¬ 
dents.  One  individual  may  have  employed  several  methods  to 
alleviate  his  symptoms. 


Another  factor  considered  was  the  time  in  terms  of  total  flight  hours,  that 
each  pilot  in  the  pain  group  first  noted  the  onset  of  symptoms.  Significantly,  one- 
third  of  the  aviators  initially  noted  symptoms  within  their  first  100  hours  of  flight 
and  over  half  had  symptoms  by  300  hours  (Figure  4).  Pilots  were  asked  to  estimate 
how  long  their  symptoms  persisted  after  the  end  of  a  typical  flight  in  which  they 
became  symptomatic.  Figure  5  is  a  plot  of  the  proportion  of  pilots  remaining  symp¬ 
tomatic  versus  hours  postflight.  It  should  be  noted  that  symptoms  are  relatively 
transient  for  the  majority  of  afflicted  pilots.  Half  of  the  pilots  were  asymptomatic 
by  10  hours  and  only  about  one-third  remained  symptomatic  longer  than  24  hours.  Never¬ 
theless,  there  was  a  small  group  of  pilots  whose  symptoms  tended  to  persist  several 

days.  Approximately  14.5  percent  remained  symptomatic  at  48  hours,  and  8  percent  j 

reported  they  typically  remained  symptomatic  over  four  days  postflight. 

J 


Total  Flight  Hours 


I 

i 


Figure  4.  Graph  showing  the  relationship  between  total  flight  hours  and  the 
initial  onset  of  back  symptoms  for  pilots  who  reported  experiencing  back  dis¬ 
comfort  during  flight. 
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Duration  off  Symptoms  (Hours  Postflightl 


Figure  5.  Graph  showing  the  duration  of  symptoms  in  hours  postflight  versus 
the  percentage  of  respondents  remaining  symptomatic. 


The  pilots  reporting  transient  symptoms,  defined  as  less  than  24  hours,  were 
compared  with  the  group  that  reported  persistent  symptoms,  defined  as  greater  than 
48  hours.  This  was  done  to  detect  systematic  differences  between  the  two  groups 
that  could  lead  to  the  identification  of  risk  factors  for  having  persistent  symptoms. 
There  were  no  significant  differences  in  age,  physical  characteristics,  or  physical 
condition  for  the  groups.  Also,  there  was  no  significant  difference  in  the  time 
of  initial  onset  of  symptoms.  Although  the  differences  were  not  significant,  the 
persistent  pain  group  showed  a  slight  tendency  toward  having  more  years  on  flight 
status  (p  =  0.056)  than  the  transient  group.  However,  the  most  distinct  differences 
between  the  transient  pain  group  and  the  persistent  pain  group  were  in  the  frequency 
and  degree  of  symptoms  they  reported.  The  persistent  pain  group  had  symptoms  more 
often  (p  <0.01)  and  the  intensity  of  the  pain  was  significantly  greater  (p  <0.001), 
than  the  transient  symptom  group.  Similarly,  the  persistent  pain  group  sought  medical 
advice  more  frequently  (p  <0.001),  refused  missions  more  often  (p  <0.001),  and  rushed 
through  missions  more  often  (p  <0.001)  than  did  the  transient  pain  group.  The  per¬ 
sistent  pain  group  also  reported  a  higher  rate  of  previous  in  iury  (p  <0.001),  a  higher 
prevalence  of  leg  numbness  (p  <0.01),  and  a  higher  prevalence  of  pilots  flying  with 
a  medical  waiver  (p  <0.02). 

DISCUSSION 

The  high  prevalence  of  back  pain  (72.8%)  in  this  survey  of  802  U.S.  Army  heli¬ 
copter  pilots  is  reasonably  consistent  with  findings  in  surveys  of  European  military 
helicopter  aircrews  (Delahaye,  1982;  Fitzgerald,  1968;  Fitzgerald,  1972;  Sliosberg, 
1962).  However  this  rate  represents  a  dramatic  departure  from  the  prevalence  of 
back  pain  reported  in  the  general  population  where  rates  are  considerably  less  than 
30  percent  (Svensson,  1983;  Svensson,  1982).  Consequently,  there  appears  to  be  a 
marked  association  between  helicopter  flying  and  the  occurrence  of  back  pain  in  air¬ 
crews  . 

Despite  the  high  prevalence  of  back  symptoms  in  the  population  studied,  nearly 
a  third  of  the  respondents  denied  ever  experiencing  back  discomfort  while  flying. 

This  group  was  compared  to  the  pain  group  to  try  to  identify  potential  risk  factors 
for  developing  back  pain  while  flying.  The  only  positively  correlated  factors  identi¬ 
fied  were  having  had  a  previous  back  injury  with  symptoms  lasting  longer  than  24  hours, 
having  sought  medical  attention  for  a  back  ailment,  and  having  missed  work  due  to 
a  back  ailment.  The  pain  group  also  had  significantly  more  rotary-wing  flight  hours. 
Age,  physical  characteristics,  total  flight  hours,  years  on  flight  status,  sports 
participation,  self-reported  physical  condition,  smoking  history,  and  having  previous 
back  problems  were  not  associated  with  a  statistically  higher  risk  for  experiencing 
back  problems  as  has  been  shown  in  other  studies  (Delahaye,  1982;  Fitzgerald,  1968; 
Fitzgerald,  1972;  Frymoyer,  1978;  Frymoyer,  1983;  Gearhart,  1978;  Sliosberg,  1962; 
Svensson,  1982;  White,  1982).  Clearly,  there  are  other  risk  factors,  which  this 
survey  failed  to  identify,  that  determine  whether  a  particular  individual  will  be 
subject  to  back  discomfort  while  flying  helicopters. 


The  typical  pain  syndrome  described  by  pilots  responding  to  the  survey  was  a 
dull  ache  confined  to  the  lower  back  that  appeared  about  88  minutes  into  a  mission. 

The  pain  increased  slowly  as  the  flight  progressed  and  was  not  reduced  by  shifting 
position  or  relinquishing  the  controls  to  a  copilot.  For  most  respondents,  the  pain 
only  began  to  subside  upon  termination  of  the  flight.  The  onset  of  pain  appears 
to  be  a  threshold  phenomenon  requiring  a  certain  duration  mission  before  symptoms 
appear  for  a  specific  individual.  Since  a  large  proportion  of  missions  are  shorter 
than  the  mean  onset  time  of  88  minutes,  afflicted  aviators  will  not  necessarily  ex¬ 
perience  symptoms  on  every  flight.  This  may  explain  the  wide  variation  in  reported 
frequency  of  symptoms  (Figure  3). 

The  intensity  of  pain  noted  by  afflicted  aviators  on  a  digital  pain  scale  (Figure 
2)  can,  in  general,  be  described  as  mild-to-moderate.  However,  the  pain  was  suffi¬ 
ciently  intense  for  many  aviators  to  have  had  an  adverse  effect  on  their  performance 
(Table  IV).  It  is  rather  disturbing  that  28.4  percent  of  afflicted  aviators  admitted 
to  rushing  through  missions  because  of  back  pain,  and  7.5  percent  admitted  actually 
refusing  missions  because  of  pain.  Either  situation  has  a  potentially  adverse  impact 
on  mission  accomplishment,  and  the  former  can  adversely  affect  safety.  Furthermore, 
these  figures  are  probably  somewhat  conservative  since  most  aviators  would  have  been 
reluctant  to  admit  refusing  or  rushing  missions,  even  in  a  confidential  survey. 

Although  Sliosberg  (1962)  and  Delahaye  and  Auffret  (1982)  reported  pilots  did 
not  experience  initial  onset  of  back  symptoms  until  they  exceeded  300  hours  of  flight 
time,  a  significant  number  of  U.S.  Army  aviators  reported  the  onset  of  symptoms  within 
their  first  few  hours  of  flight  (Figure  4).  Indeed,  50.1  percent  of  those  who  reported 
symptoms  said  that  their  symptoms  appeared  at  less  than  300  hours.  The  reason  for 
this  discrepancy  is  not  clear,  but  probably  relates  to  differences  in  the  populations 
studied.  This  survey  studied  a  considerably  larger  number  of  individuals  and  did 
not  confine  itself  to  any  specific  group  of  aviators.  Pilots  were  sampled  at  differ¬ 
ent  levels  of  experience,  including  student  pilots,  and  in  many  different  types  of 
units.  No  other  previous  study  we  know  of  has  surveyed  such  a  diversity  of  pilots. 

One  of  this  survey's  more  interesting  aspects  was  the  finding  that  the  pain 
reported  by  the  pain  group  was  very  transient,  lasting  less  than  24  hours  for  more 
than  two-thirds  of  the  group  (Figure  5).  For  most  pilots,  episodes  of  back  pain 
were  induced  only  by  flying  helicopters,  and  the  symptoms  tended  to  begin  resolving 
rapidly  after  ending  a  flight.  Clearly,  for  these  individuals,  there  is  something 
very  specific  to  the  helicopter  flying  environment  that  induces  their  symptoms. 
Historically,  the  two  factors  most  widely  implicated  in  the  etiology  of  helicopter 
back  pain  have  been  vibration  and  the  poor  ergonomic  design  of  most  helicopter  cockpits 
(Delahaye,  1982;  Fitzgerald,  1968;  Fitzgerald,  1972;  Gearhart,  1978;  Ranee,  1974; 
Shanahan,  1984a;  Shanahan,  1984b;  Sliosberg,  '  1962 ) . 

It  is  well  documented  in  the  aeromedical  literature  that  most  helicopters  subject 
their  occupants  to  vibration  that  coincides  with  the  resonant  frequency  of  the  human 
spinal  system  (Delahaye,  1982;  Gearhart,  1978;  Shanahan,  1984b;  Wilder,  1982).  Re¬ 
peated  exposures  to  such  conditions  have  been  speculated  to  cause  microtrauma  to 
the  spinal  system  that  eventually  leads  to  back  pain.  That  a  large  proportion  of 
pilots  experience  back  pain  within  the  first  few  hours  of  flying  helicopters  tends 
to  argue  against  this  theory.  Furthermore,  work  by  Shanahan  and  Reading  (1984a)  using 
helicopter  cockpit  mockups  on  vibration  tables  has  shown  the  presence  or  absence 
of  helicopter-similar  vibration  had  no  influence  on  the  time  of  onset  of  pain  or 
on  pain  intensity  for  subjects  exposed  to  these  conditions.  Subjects  complained 
of  pain  during  a  two-hour  "flight"  regardless  of  whether  vibration  was  present  or 
not.  In  a  similar  study.  Pope  and  co-workers  (personal  communication)  found  that 
all  their  subjects  reported  back  pain  when  exposed  to  a  two-hour  "flight"  in  a  heli¬ 
copter  cockpit  mockup,  and  the  subjects  actually  reported  less  pain  when  exposed 
to  helicopter-similar  vibration  than  when  subjected  to  the  static  condition.  Further¬ 
more,  the  subjects  used  by  Pope  and  co-workers  were  students  who  had  neither  reported 
previous  episodes  of  back  pain  nor  had  they' ever  flown  helicopters.  Consequently, 
it  appears  that  vibration  plays  a  very  small  role  in  the  etiology  of  the  acute  and 
transient  back  pain  the  majority  of  afflicted  aviators  in  this  study  reported. 

The  more  likely  etiological  factor  in  this  syndrome  is  posture.  That  posture 
can  be  the  source  of  low  back  pain  has  been  suggested  by  several  researchers.  Magora 
(1972)  has  shown  occupations  that  force  workers  to  sit  for  prolonged  periods  or  those 
that  involve  almost  no  sitting  had  a  high  incidence  of  low  back  pain.  Keegan  (1953) 
pointed  out  that  the  sitting  position  without  adequate  lumbar  support  and  a  trunk- 
thigh  angle  of  less  than  105  degrees  causes  a  considerable  flattening  of  the  normal 
lumbar  lordosis.  This  flattening  creates  stresses  which  probably  cause  pain,  espe¬ 
cially  for  persons  with  underlying  spinal  pathology.  Andersson  and  co-workers  (1979, 
1977,  1974)  have  made  quantitative  measurements  of  intradiscal  pressure  in  the  lumbar 
spine  and  the  myoelectric  activity  of  back  muscles  for  various  postures.  They  found 
lumbar  intradiscal  pressure  was  highest  for  unsupported  sitting  with  the  spine  flexed 
anteriorly.  Likewise,  myoelectric  activity  increased  with  forward  flexion  of  the 
spine  and  asymmetric  loading  for  a  constant  degree  of  spinal  flexion.  They  concluded 
increased  myoelectric  activity  was  indicative  of  localized  muscle  fatigue  (Andersson, 
1977). 

The  ergonomic  design  of  most  helicopter  cockpits  forces  the  pilot  to  assume 
a  slumped  and  asymmetrical  posture  to  operate  the  controls  (Figure  6).  This  posture 


must  be  maintained  throughout  the  flight  since  full  aircraft  control  requires  simul¬ 
taneous  input  from  all  four  extremities.  Furthermore,  most  U.S.  Army  helicopter 
seats  have  back  angles  of  less  than  105  degrees  and  provide  little  or  no  lumbar  sup¬ 
port.  Consequently,  the  position  pilots  assume  to  fly  a  helicopter  is  completely 
contrary  to  the  ergonomic  principles  discussed  here.  The  forward  flexed,  asymmetrical 
posture  most  pilots  assume  causes  a  flattening  of  the  normal  lumbar  lordosis  and 
creates  high  intradiscal  pressures  and  increased  myoelectric  activity  of  the  para- 
spinous  musculature.  Based  on  these  observations,  it  is  not  surprising  to  find  a 
high  prevalence  of  back  complaints  from  helicopter  aviators.  Although  poor  posture 
alone  can  cause  pain,  it  is  important  to  consider  that  this  postural  condition  may 
be  aggravated  over  the  long  term  by  the  concomitant  exposure  to  vibration  that  coin¬ 
cides  with  the  resonant  frequency  of  the  spinal  system.  The  combination  of  these 
factors  over  time  may  act  synergistically  to  cause  pathological  changes  in  the  spinal 
system.  However,  to  determine  the  relative  effect  of  these  two  factors  will  require 
further  laboratory  and  epidemiological  studies. 


Figure  6.  Pilot  seated  at 
controls  of  UH-lH  helicopter. 
Note  the  flexion  of  the 
lumbar  and  thoracic  spine 
as  he  leans  forward  to  rest 
his  right  forearm  on  his 
right  thigh. 


This  discussion  has  confined  itself  to  those  aviators  who  reported  relatively 
transient  symptoms  that  tended  to  resolve  rapidly  after  terminating  flight.  Neverthe¬ 
less,  there  was  a  significant  number  of  afflicted  aviators  who  reported  much  more 
persistent  symptoms.  It  was  shown  that  the  aviator  group  who  experienced  symptoms 
lasting  longer  than  48  hours  tended  to  have  more  years  on  flight  status  than  the 
transient  pain  group.  Their  symptoms  also  appeared  to  be  more  frequent  and  severe 
and  they  reported  a  much  higher  incidence  of  numbness  of  the  legs  associated  with 
their  pain.  In  general,  the  persistent  pain  group  complained  of  symptomatology  that 
is  much  more  typical  of  the  patients  described  in  most  clinical  studies  of  low  back 
pain  (Roland,  1983).  It  is  tempting  to  speculate  the  transient  group  represents 
a  group  with  essentially  normal  spines  that  are  reacting  appropriately  to  a  rather 
provocative  postural  stimulus.  Consequently,  they  only  experience  pain  while  flying 
and  their  symptoms  resolve  rapidly  after  ending  a  flight.  It  is  possible  repeated 
exposure  to  these  conditions  leads  to  pathological  changes  in  the  spine  that  account 
for  the  more  severe  symptoms  experienced  by  the  persistent  pain  group.  Unfortunately, 
this  study  did  not  determine  whether  they  initially  experienced  transient  symptoms 
early  in  their  aviation  careers  and  progressed  to  their  present  state  after  several 
years  exposure  to  helicopter  flight.  Nevertheless,  it  is  an  intriguing  possibility 
that  would  be  worthy  of  exploration  in  future  studies.  Another  possibility  is  they 
had  some  preexisting  spinal  pathology,  either  congenital  or  traumatic,  that  made 
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them  more  susceptible  to  the  stimulus  of  flying  helicopters.  This  theory  is  supported 
somewhat  since  the  persistent  pain  group  reported  a  significantly  higher  rate  of 
previous  back  injury  than  the  transient  pain  group  (p  <0.001).  In  either  case,  this 
group  deserves  further  identification  and  evaluation. 

In  this  study,  we  have  demonstrated  that  back  pain  in  U.S.  Army  helicopter  pilots 
is  extremely  widespread  and  apparently  has  a  significant  negative  influence  on  safety 
and  mission  accomplishment.  Although  this  affliction  has  been  known  and  well  described 
in  the  literature  over  the  last  two  to  three  decades,  very  little  has  been  done  to 
correct  it.  Much  effort  has  been  expended  toward  reducing  vibration  in  helicopter 
designs  during  this  time  because  of  its  deleterious  effects  on  the  airframe  and  its 
various  mechanical  and  electrical  systems.  But,  the  vibration  reduction  has  had 
little  or  no  effect  on  reducing  the  incidence  of  back  pain  in  helicopter  pilots.  In 
our  opinion,  a  significant  reduction  in  the  incidence  of  back  problems  in  helicopter 
aircrew  members  will  not  be  achieved  until  helicopter  seating  and  control  configura¬ 
tions  are  designed  to  established  ergonomic  principles. 
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MUSCULO-SKELETAL  ILLNESSES  AMONG  WORKERS  EXPOSED  TO 
LOW-INTENSITY  WORK  LOAD  OF  LONG  DURATION 
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Summary 

Low-level,  continuous  muscle  load  of  long  duration  has  received  increasing  attention  as 
a  potential  source  of  musculo-skeletal  injury.  This  paper  presents  evidence  which  indi¬ 
cate  a  quantitative  relationship  between  the  level  of  static  load  on  shoulder  muscles 
and  the  risk  of  developing  musculo-skeletal  illnesses  in  the  shoulder  and  neck.  Constrained 
working  postures  are  probably  the  most  frequent  cause  of  low-level,  continuous  muscle 
load,  but  such  loads  may  also  develop  for  other  reasons  as  illustrated  by  an  example 
of  a  probable  stress-related  development  of  muscle  tension.  It  is  pointed  out  that  air¬ 
craft  pilots  are  exposed  to  a  number  of  factors  which  can  contribute  to  the  development 
of  muscle  tension.  Low-level  muscle  tension  may  therefore  be  an  important  health 
problem  for  this  profession,  but  this  remains  to  be  demonstrated  in  more  specific  projects. 

Introduction 


Work-related  back  pain  is  traditionally  associated  with  high  peak  loads  on  the  spine, 
such  as  in  the  lifting  of  heavy  objects.  The  intervertebral  disk  may  collapse,  or  Other 
structures  of  the  spine  may  be  strained  in  such  a  way  that  pain  is  occurring.  For 
specialized  groups  such  as  aircraft  pilots  vibration  with  its  effect  on  the  spine  is 
another  risk  factor.  A  third  potential  source  of  back  problems  is  low-level,  continuous 
load  of  long  duration. 

Low-level  loads  have  traditionally  not  been  considered  a  risk  factor  for  back  injury, 
perhaps  because  the  combination  of  load  intensity  and  duration  in  the  past  rarely 
exceeded  a  tolerable  strain  level  for  most  occupations.  More  recently,  constrained 
working  postures  and  thereby  low-level  continuous  muscle  load  has  received  increasing 
attention  as  a  source  of  musculo-skeletal  injuries  (1,2, 3, 4, 5).  This  may  be  due  to  an 
increasing  demand  for  work  efficiency,  which  for  some  occupations  translate  into  hours 
of  continuous  muscle  load.  This  kind  of  load  may  affect  muscles  in  the  lumbar  region, 
and  thereby  contribute  to  low  back  pain,  but  is  probably  more  of  a  problem  for  muscles 
in  high  back,  neck  and  shoulders. 

While  it  is  becoming  generally  accepted  that  low-level,  continuous  muscle  load  is  a 
considerable  problem  in  many  work  situations,  little  is  known  regarding  acceptable 
levels  of  load,  individual  risk  factors  for  the  development  of  such  injuries  and  the 
underlying  pathophysiological  processes  translating  long  term  load  into  muscle  pain 
and  musculo-skeletal  illness. 

Methods  and  material 


Work  has  been  in  progress  for  several  years  at  the  Institute  of  Work  Physiology, 
trying  to  answer  some  of  these  queries,  and  in  particular  what  may  be  considered  an 
acceptable  level  of  load.  Muscle  load  is  measured  by  surface  electromyography.  The 
calibration  of  the  EMG  signal  relative  to  muscle  force  follows  largely  the  procedure  of 
Jonsson  (6).  Health  consequences  of  such  loads  are  assessed  in  terms  of  the  rate  of 
recorded  sick  leaves  due  to  musculo-skeletal  illnesses  in  identified  groups  of  workers. 
All  workers  within  the  same  group  have  similar  work  situations  and  thereby,  hopefully, 
similar  load  on  selected  muscles. 

Medical  diagnoses  associated  with  the  sick  leaves  were  collected  from  local  health 
authorities  and  general  practitioners.  Musculo-skeletal  illnesses  like  myalgia, 
tendonitis,  low  back  pain,  ischiadis,  tendovaginitis  etc.  were  included  in  the  material, 
whereas  illnesses  like  arthritis  which  are  not  considered  to  be  developing  as  a  conse¬ 
quence  of  muscle  load,  were  excluded  from  the  analysis  of  possible,  work-related 
musculo-skeletal  illnesses. 

The  common  denominator  of  this  class  of  illnesses  is  that  the  patient  is  suffering  from 
a  high  level  of  pain.  The  recording  of  a  musculo-skeletal  sick  leave  is  interpreted  to 
indicate  that  the  patient  has  experienced  an  episode  of  pain  of  sufficient  intensity 
and  duration  to  visit  a  doctor.  The  doctor  has  then  agreed  that  the  patient  had  this 
medical  condition  and  was  unable  to  work.  This  is  the  underlying  basis  of  the  statistical 
analysis,  and  the  only  other  information  used  is  the  location  of  the  illness  on  the  body. 
Considerable  effort  has  gone  into  contacting  general  practitioners  to  establish  the  body 
location  of  the  injury  if  this  was  not  clear  from  the  first  diagnosis. 

It  is  necessary  to  accept  a  certain  uncertainty  in  the  classification  of  the  illnesses, 
but  this  uncertainty  is  likely  to  be  small.  A  few  sick  leaves  may  have  received  a 
’relevant*  diagnosis  which  is  not  correct  even  by  the  relatively  coarse  classification 
used,  and  the  opposite  is  also  possible.  In  addition,  we  have  been  unable  to  identify 
diagnoses  in  the  case  of  about  5%  of  all  sick  leaves,  making  it  likely  that  our  data 
represent  a  low  estimate  of  the  problem,  especially  since  interviews  have  established 


7-2 


that  some  workers  continue  to  work  while  experiencing  very  high  levels  of  pain. 

RESULTS 

Muscle  load  due  to  constrained  working  postures 

Three  projects  have  been  carried  out  where  the  workers  are  shown  to  maintain  a  steady 
muscle  load  throughout  the  working  day.  The  projects  are  based  on  groups  of  female 
workers  doing  electromechanical  assembly  work,  sewing  or  service  work  on  North  Sea  oil 
platforms.  In  all  projects,  particular  attention  was  given  to  load  on  the  trapezius 
muscles . 


A  _  % 


1  hr  1  mm 


1  hr  48  m«n 


Fig.  1 

Muscle  load  on  the  trapezius  for  4 
different  female  workers  cleaning 
cabins  on  an  oil  platform.  The 
trapezius  recording  with  the  highest 
load  from  either  right  or  left 
trapezius  is  shown.  Each  pdint  in  the 
4  recordings  shows  mean  load  in  one 
second  intervals,  in  percent  of 
maximal  voluntary  contraction  (MVC). 
Notice  the  variable  length  of  the 
recordings ,  which  are  shown  in  full 
for  each  worker. 


Ihr  *2  mm 


Fig.  1  shows  4  examples  of  load  on  the  upper  trapezius  muscle  while  cleaning  cabines  on 
a  North  Sea  oil  platform.  The  data  were  collected  from  4  different  female  workers.  For 
each  worker  the  recording  from  either  the  right  or  the  left  trapezius  which  showed  the 
highest  muscle  load,  was  selected.  Each  point  in  the  4  recordings  represents  mean 
muscle  force  in  an  interval  of  one  second,  as  a  percentage  of  maximal  voluntary 
contraction  (MVC).  The  points  are  plotted  consecutively  to  show  variations  in  load 
throughout  the  recording  period,  which  lasted  from  1  hour  1  minute  to  1  hour  42  minutes. 

In  Fig.  1A  to  1C  points  near  0%  MVC  are  present  all  the  time.  There  are  also  short 
periods  of  relatively  high  muscle  load,  near  50»  MVC,  at  irregular  intervals  throughout 
the  recording  period,  but  median  muscle  load  is  very  low  all  the  time.  Fig.  ID  shows  a 
recording  where  the  muscle  load  remains  larger  than  zero  for  periods  of  a  few  minutes. 

This  is  seen  as  unmarked  patches  underneath  the  band  of  points  which  indicate  the 
variation  in  muscle  load.  The  load  on  the  trapezius  muscle  must  be  considered  intermittent 
even  for  this  worker,  since  the  periods  with  low  static  load  are  very  short.  This  work 
situation  can  therefore  be  considered  to  create  a  low- intensity,  intermittent  load  on  the 
main  shoulder  muscles.  However,  continuous  monitoring  of  activity  through  heart  rate 
and  activity  log  showed  that  this  work  pattern  might  be  sustained  for  several  hours 
without  any  breaks,  for  a  total  of  8  hours  throughout  the  12  hour  working  day. 

Fig.  2  shows  load  on  the  trapezius  muscle  of  4  sewers.  The  figure  is  similar  to  Fig.  1, 
except  that  each  worker  did  two  different  sewing  operations  during  the  recording  period. 
One  sewing  operations  is  represented  in  all  4  recordings,  the  other  operations  are  all 
different.  The  muscle  load  does  not  change  much  when  changing  to  a  different  sewing 
operation,  except  for  the  example  in  Fig.  2C  where  the  last  operation,  using  a  semi¬ 
automatic  machine,  clearly  is  less  demanding.  However,  this  particular  operation  only 
employs  one  of  about  80  sewers  at  any  time. 

It  is  apparent  that  the  band  of  points  which  indicate  load  on  the  trapezius  is  shifted 
away  from  zero  load  for  all  recordings  in  Fig.  2.  The  muscles  are  always  working, 
except  in  short  periods  when  a  set  number  of  garments  are  finished.  The  finished 
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Fig.  2 

Muscle  load  on  the  trapezius  for 
4  different  female  Sewers,  making 
thermal  clothing.  Each  worker 
performs  two  sewing  operations 
separated  by  a  vertical  bar  and 
marked  by  a  number  in  a  circle. 
The  trapezius  recording  with  the 
highest  load  is  shown.  The  figure 
is  otherwise  similar  to  Fig.  1. 


garments  are  moved  to  a  store  and  a  new  lot  prepared  for  sewing.  This  part  of  the  work 
cyclus  with  long  periods  of  static  load  on  the  trapezius,  interrupted  by  short  pauses, 
are  particularly  noticeable  in  Fig.  2C  where  the  breaks  in  muscle  load  are  marked  by  an 
arrow.  These  breaks  are  obviously  important,  but  the  long  periods  with  static  load  may 
nevertheless  be  considered  the  dominant  feature  of  the  work  pattern.  The  quantification 
of  muscle  load  was  therefore  based  on  periods  with  static  work  load,  as  indicated  by 
horizontal  bars  on  top  of  each  panel.  The  bars  show  recording  periods  used  in  the 
quantitative  analysis. 

The  results  of  the  quantitative  analysis  of  work  load  on  the  trapezius  for  the  service 
workers  on  the  oil  platforms  and  the  sewers  are  shown  in  Fig.  3.  The  figure  shows 
static  work  load  (6)  on  the  trapezius  for  9  recordings  from  9  different  service  workers 
(A),  and  for  25  recordings  of  sewing  operations  by  15  sewers  (B).  Median  static  work 
load  on  these  muscles  are  1.1%  MVC  for  the  service  workers  and  5.8%  MVC  for  the  sewers. 
Most  sewers  work  with  a  static  muscle  load  varying  between  3  and  9%  MVC.  Thus,  there  is 
a  very  clear  statistically  significant  difference  in  work  load  on  the  trapezius  between 
the  two  groups  of  female  workers. 

The  work  load  in  a  third  work  siutation,  assembling  parts  to  telephone  exchanges,  has 
not  been  analysed  quantitatively  to  the  same  extent  as  the  above  work  situations,  but 
inspection  of  individual  recordings  has  shown  that  the  load  pattern  on  the  trapezius 
for  this  group  of  workers  is  similar  to  that  of  the  sewers,  except  that  the  level  of 
static  load  is  higher.  The  median  static  load  is  likely  to  be  between  8  and  10%  MVC. 

Thus,  these  three  groups  of  workers  represent  work  situations  with  distinctly  different 
work  loads  on  the  shoulder  muscles.  In  particular,  there  is  little  overlap  in  load  on 
the  trapezius  between  the  groups  even  when  taking  the  v'ariation  within  each  group  into 
account . 

Development  of  illnesses  in  the  shoulder  and  neck 

To  assess  the  effect  of  muscle  load  on  the  trapezius,  used  as  an  indicator  of  load  on 
the  shoulder,  the  load  has  to  be  correlated  with  musculo-skeletal  complaints  developing 
in  the  same  body  region.  Also,  it  is  necessary  to  take  into  account  the  varying  time  of 
employment  of  the  different  workers.  This  because  time  of  employment  in  the  work 
situation  of  interest  is  also  time  of  exposure  to  the  work  load,  and  increasing  length 
of  exposure  to  load  is  likely  to  increase  the  chance  of  contracting  a  load-related 
illness . 
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Fig.  3 

Quantitative  analysis  of  static  load 
on  the  trapezius  for  the  two  groups 
of  workers  illustrated  in  Figs .  1 
and  2.  A.  Female  cabin  cleaners. 

B.  Female  sewers.  25  work  operations 
by  IS  sewers  are  included  in  the 
histogram. 


Fig.  4  shows  the  fraction  of  workers  with  sick  leave  due  to  musculo-skeletal  illnesses 
in  the  shoulder  or  neck  as  a  function  of  time  of  employment  for  the  3  experimental 
groups  with  a  relatively  stable  load  throughout- the  working  day  (the  service  workers  on 
the  oil  platforms,  the  sewers  and  the  workers  doing  electromechanical  assembly  work). 

In  addition,  similar  data  for  a  control  group  with  varied  office  work  is  shown,  except 
that  the  data  available  for  this  group  do  not  allow  any  differentiation  of  musculo¬ 
skeletal  sick  leaves  into  different  body  locations.  All  musculo-skeletal  illnesses 
including  low  back  and  lower  arm  injuries  are  therefore  included  in  the  data  for  the 
control  group.  Each  of  the  points  for  the  experimental  groups  in  Fig.  4  is  based  on  at 
least  20  persons,  varying  from  22  to  160.  The  control  group  is  much  smaller,  and  the 
data  for  this  group  is  based  on  groups  of  9  to  19  persons . 
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Fig.  4 

Percentage  of  workers  with  one  or 
several  sick  leaves  due  to  musculo¬ 
skeletal  illness  located  to  the 
shoulder  and  neck,  as  a  function  of 
time  of  employment.  Workers  from  3 
different  work  situations  with  high 
static  load  (EB-DF),  moderate 
static  loed  (HH-FIBER)  and  dynamic 
load  (STAT-SERV)  on  the  trapezius 
muscles  is  shown.  A  control  group 
with  varied  office  work  is  also 
included. 


TIME  OF  EMPLOYMENT  (YEARS I 
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For  each  of  the  experimental  groups  there  is  a  clear  tendency  for  an  increasing  fraction 
of  workers  to  develop  musculo-skeletal  illnesses  located  to  the  shoulder  and  neck  within 
a  few  years  after  employment.  This  is  in  marked  contrast  to  the  control  group  where  only 
one  of  35  females  record  such  illnesses  the  first  5  years  of  work,  and  only  3  of  21  with 
5  to  10  years  job  experience.  The  difference  is  statistically  significant,  even  with 
the  small  number  of  people  in  the  control  group  and  despite  the  inclusion  of  all  musculo¬ 
skeletal  illnesses,  regardless  of  body  location,  in  the  control  group. 

When  comparing  the  experimental  groups,  the  fraction  of  workers  with  a  musculo-skeletal 
sick  leave  due  to  an  injury  in  the  shoulder  and  neck  increases  from  4  to  25%  the  first 
3  years  of  employment  for  female  workers  with  the  most  dynamic  load,  from  13  to  36% 
for  the  female  workers  with  the  moderate  static  load,  and  from  18  to  55%  for  the  female 
workers  with  a  high  static  load.  These  results  indicate  a  continuous,  graded  risk  of 
developing  musculo-skeletal  illnesses  with  an  increasing  level  of  static  load  on  these 
muscles.  The  differentiation  between  the  three  groups  are  less  clear  for  workers 
employed  more  than  three  years.  For  two  of  the  groups  there  is  a  reduction  in  the 
fraction  of  workers  with  recorded  musculo-skeletal  illnesses  in  the  shoulders  and  neck 
among  workers  with  the  longest  time  of  employment.  This  may  in  part  be  due  to  a 
selection  process  where  workers  who  suffer  long  periods  of  pain  at  work  try  to  find 
alternative  employment,  leaving  those  who  are  able  to  meet  the  physiological  demands  of 
the  work  situation  without  too  much  discomfort.  The  two  groups  of  workers  where  this 
effect  is  most  noticeable  also  showed  the  highest  over-all  incidence  of  musculo-skeletal 
illnesses.  (The  service  workers  had  a  very  high  rate  of  injuries  in  the  low  back  and 
the  lower  arms  in  addition  to  shoulder  and  neck. ) 


TIME  TO  1  ST  M.-SK  SICK  LEAVE  VS  AGE 


Fig.  5 

Time  from  start  of  employment  to 
first  musculo-skeletal  sick  leave  as 
a  function  of  age  for  workers  doing 
electromechanical  assembly  work.  Each 
worker  with  a  recorded  musculo¬ 
skeletal  sick  leave  is  represented 
with  a  circle  in  the  plot,  open 
circle  if  employed  full  time  or 
filled  circle  if  employed  part 
time.  The  occurrence  of  subsequent 
musculo-skelfetal  sick  leaves,  if 
any,  is  not  shown. 


Fig.  4  does  not  contain  specific  information  regarding  time  of  occurrence  of  the 
musculo-skeletal  sick  leaves,  this  (or  these)  may  occur  at  any  time  during  the  time  of 
employment  for  each  individual.  Fig.  5  shows  time  of  occurrence  after  employment  of  the 
first  musculo-skeletal  sick  leave  for  each  individual  with  such  sick  leaves,  as  a 
function  of  age.  These  data  are  from  the  female  workers  doing  electromechanical  assembly 
work  with  a  high  static  load.  It  is  evident  that  it  takes  very  little  time  from  start 
of  work  until  the  first  musculo-skeletal  sick  leave  occurs,  commonly  3  to  9  months  for 
full  time  workers  and  a  few  months  longer  for  part  time  workers.  Young  females  appear  to 
be  particularly  at  risk,  and  there  are  indications  of  older  people  being  able  to  sustain 
the  load  for  somewhat  longer  time  periods. 

Even  though  these  sick  leaves  occur  soon  after  employment,  they  are  far  from  trivial 
incidents.  The  duration  of  musculo-skeletal  sick  leaves  among  the  same  group  of  workers 
is  shown  in  Fig.  6  for  full  time  and  part  time  workers.  Median  duration  is  about  5  weeks, 
and  the  duration  is  usually  at  least  3  weeks.  Some  may  last  for  half  a  year  or  longer, 
and  cases  receiving  permanent  disability  allowances  are  known  to  occur  even  among  very 
young  people.  The  figure  also  shows  that  the  complaint  in  most  cases  was  located  to  the 
shoulder  and  neck,  but  also  with  a  significant  number  of  sick  leaves  due  to  low  back 
disorders . 

Figs  5  and  6  present  data  from  one  of  the  projects,  but  near  identical  results 
regarding  the  timing  and  duration  of  musculo-skeletal  sick  leaves  are  also  found  for 
the  other  groups  of  workers,  despite  the  considerable  variation  in  load  on  the  trapezius 
muscle  between  the  different  groups.  Thus,  it  appears  to  be  a  general  result  that  the 
first  period  of  work  is  particularly  dangerous  with  regard  to  the  development  of 
musculo-skeletal  injuries,  if  the  work  duties  demand  a  sustained  muscle  load.  A 
reduction  in  total  hours  of  work  and  an  age  of  30  or  older  when  starting  work  appears 
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Fig.  6 

Duration  of  musculo-skeletal  sick 
leaves  for  workers  employed  full  time 
(top)  and  part  time  (bottom). 
Horizontal  hatching  indicates  sick 
leaves  located  to  high  back,  shoulder 
and  neck,  diagonal  hatching  low  back 
complaints . 
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to  delay  the  onset  of  such  illnesses.  The  latter  effect  could  be  explained  by  a  certain 
amount  of  muscle  training  among  the  older  workers,  possibly  provided  by  previous,  similar 
job. 

Muscle  load  due  to  stress 

The  above  projects  are  all  based  on  groups  of  workers  with  a  work  situation  which 
specifies  a  continuous  muscle  load  due  to  the  need  to  adapt  a  specific  posture. 

Postural  load  of  muscle  is  most  readily  understood  and  is  also  the  easiest  way  of 
ensuring  a  relatively  invariant  load  among  subjects  in  similar  work  situations.  However, 
muscle  may  be  activated  by  other  mechanisms,  and  muscle  tension  is  a  well-known 
reaction  to  stress.  Recent  experiments  in  our  laboratory  illustrate  this  point.  Fig.  7 
shows  simultaneous  recordings  from  four  separate  muscles  in  both  shoulders  (trapezius), 
high  back  (rhomboid)  and  the  lumbar  region  of  the  back,  from  one  subject  who  had  to 
perform  a  complex  VDU-based  choice-reaction  time  test  followed  by  a  dynamic  heterophoria 
eye  measurement.  The  tests  were  performed  with  a  well-balanced,  sitting  posture  which 
should  minimize  postural  strain.  The  first  test  demanded  a  high  level  of  reasoning,  while 
the  other  would  strain  the  external  eye  muscles.  The  figure  presents  EMG  data  in  a 
similar  way  to  Figs.  1  and  2,  and  it  is  evident  that  the  person  developed  a  static 
muscle  tension  of  about  2%  of  maximal  voluntary  force  both  in  upper  right  trapezius  and 
right  rhomboid.  There  is  a  similar  pattern  of  tension  in  the  other  two  muscles,  with  a 
higher  load  in  the  low  back  muscles  and  less  in  the  upper  left  trapezius.  The  static 
tension  disappears  during  a  pause  betwen  the  two  tests,  and  there  are  also  short  periods 
of  a  few  seconds  with  reduced  tension  during  the  test.  The  similar  pattern  of  tension  in 
all  four  muscles  is  a  striking  feature  of  this  experiment,  and  makes  it  unlikely  that 
variation  in  load  is  due  to  specific  body  movements.  Nor  were  such  movements  evident 
when  the  subject  was  observed  during  the  experiment.  It  may  therefore  tentatively  be 
assumed  that  the  recorded  tension  represents  an  unconscious  muscle  reaction  to  a  task 
requiring  a  high  level  of  concentration,  but  with  no  need  for  body  movements.  The  level 
of  muscle  tension  for  this  individual  must  be  considered  potentially  harmful  if  tension 
is  maintained  for  long  periods  of  time,  judged  by  the  previous  results. 

Similar  experiments  on  other  subjects  gave  qualitatively  similar  results,  but  with 
considerable  variation  in  the  absolute  level,  as  well  as  in  the  temporal  pattern  of 
muscle  tension.  In  contrast  to  this  interpersonal  variation  there  were  a  strong  tendency 
for  the  same  person  to  develop  similar  temporal  patterns  of  tension  in  different  muscles. 
These  preliminary  findings  are  now  being  explored  in  new,  more  controlled  experiments. 
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Fig.  7 

Simultaneous  recordings  of  muscle 
load  in  4  muscles  when  performing  a 
VDU-based  choice-reaction  time  test 
(BIR-test)  followed,  after  a  break, 
by  a  dynamic  heterophoria  eye  measure¬ 
ment  .  Each  point  in  the  four  graphs 
represent  mean  muscle  load  in  0.5 
second  intervals,  as  a  percentage  of 
maximal  voluntary  force. 


DISCUSSION 


A  major  point  emerging  from  the  results  is  that  even  a  low-level,  intermittent  load  can 
provide  a  risk  for  developing  musculo-skeletal  illnesses  if  the  load  has  to  be  maintained 
for  long  enough  time.  Also,  the  indication  of  a  graded  risk  in  developing  musculo¬ 
skeletal  illness  with  increasing  level  of  static  muscle  load  and  increasing  time  of 
exposure  to  the  load  is  interesting.  In  one  of  the  projects  50%  of  the  workers  exposed 
to  high  static  load  and  with  more  than  two  years  employment  recorded  one  or  several  sick 
leaves  due  to  musculo-skeletal  injuries  located  to  the  shoulder  and  neck.  In  contrast, 
few  sick  leaves  of  this  kind  were  recorded  among  the  control  group  with  varied  office 
work. 

These  results  are  based  on  measurements  of  load  on  the  trapezius,  and  the  tolerance  for 
prolonged  loads  may  vary  between  different  muscle  groups.  In  particular,  muscles 
developed  to  counteract  gravity  forces  have  a  different  muscle  fibre  composition  and 
therefore  higher  resistance  to  prolonged  load.  Nevertheless,  results  based  on  the 
trapezius  muscle  may  serve  as  an  indication  of  tolerance  to  load  for  muscles  in  general, 
until  more  specific  evidence  regarding  such  effects  on  other  muscles  and  other  body 
structures  is  available.  It  is  also  appropriate  to  point  out  that  there  is  at  present 
little  knowledge  regarding  the  effect  of  muscle  training  in  reducing  the  risk  of 
contracting  a  musculo-skeletal  illness.  Nor  is  the  effectiveness  of  various  kinds  of 
muscle  training  known.  Muscle  load  during  work  as  illustrated  in  Figs.  1  and  2  is 
primarily  due  to  constrained  working  postures  or  a  demand  for  continuous  movement 
of  limbs.  It  is  less  evident  that  muscle  load  also  may  be  generated  by  a  demand  for 
concentration  or  by  a  state  of  general  tension  as  indicated  in  Fig.  7.  The  subjects 
participating  in  these  experiments  usually  found  the  tests  extremely  tiring,  and  it  is 
an  impression  that  the  level  of  disdomfort  is  highest  among  those  generating  a  high 
level  of  muscle  tension  during  the  test.  However,  it  is  premature  to  relate  discomfort 
exclusively  to  the  level  of  static  load  since  many  other  physiological  and  hormonal 
reactions  may  take  place  simultaneously. 

A  potential  source  of  muscle  activation  which  to  our  knowledge  is  not  yet  tested  in 
occupational  experiments,  is  vibration.  Vibration  would  be  expected  to  activate 
sensory  organs  in  the  muscles.  These  would  then  provide  a  facillatory  input  to  the 
motoneurones  in  the  spinal  cord,  and  thereby  cause  muscle  contraction.  Whether  this 
introduces  a  significant  increase  in  the  level  of  muscle  tension  beyond  that  due  to 
other  activation  mechanisms  remains  to  be  demonstrated. 
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Finally,  it  is  appropriate  to  point  out  that  aircraft  pilots  and  crew  are  potentially 
exposed  to  all  the  activation  mechanisms  for  muscle  tension  mentioned  in  this  paper: 
constrained  posture,  continuous  movement  of  limbs,  demand  for  a  high  level  of  concen¬ 
tration/exposed  to  vibration  and  possibly  a  high  level  of  general  tension.  Thus,  such 
personnel  (or  subgroups  of  such  personnel)  may  develop  very  high  levels  of  muscle 
tension,  contributing  to  considerable  feelings  of  discomfort  during  active  service. 
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BOWDEN,  CA:  Do  you  knew  of  any  group  of  workers  exposed  to  constrained  postures  in  which  the  low 
back  rather  than  the  upper  back  is  the  principal  source  of  pain  or  the  principal  area  in  which  pain  is 
felt? 


WESTGAARD,  NO:  I  think  it's  true  that,  in  general,  the  upper  muscles  would  be  the  group  of 
■uscles  most  at  risk.  Raving  said  that,  we  have  seen  groups  of  workers  forced  to  adopt  a  forward¬ 
bending  posture  without  having  any  real  lifting  task  to  perforn.  In  this  group,  there  was  a  pre¬ 
dominance  of  pain  reported  in  the  lumbar  region.  So,  it  does  occur:  and,  in  fact,  whenever  it  seems 
possible  to  identify  the  part  of  the  body  being  strained,  then  the  pain  appears  to  be  in  that  parti¬ 
cular  part.  We  have  also  found  groups  reporting  pain  in  the  lower  arms  when  they  have  had  to  perform 
repetitive  motions. 

BOWDEN,  CA:  I  will  comment  that  such  a  group,  if  it  was  not  a  group  of  drivers  or  pilots,  would 
be  of  great  Interest  because  this  group  would  not  be  exposed  to  vibration  and  yet  be  exposed  to  the 
postural  constraints  similar  to  those  of  drivers.  What  group  is  this? 

WESTGAARD,  NO:  It  is  a  group  which  we  are  working  with,  and  of  which  data  are  not  yet  published. 

TROOP,  OK:  We  have  heard  today,  and  there  may  be  more  papers  to  come,  of  retrospective  epidemio¬ 
logical  surveys.  Now  these  are  useful  in  identifying  one  or  two  key  areas,  but  if  you  are  going  to 
learn  anything,  you  have  to  set  up  a  prospective  epidemiological  study.  I  regard  an  epidemiological 
study  as,  perhaps,  simply  validating  the  need  for  doing  the  job  properly.  Then  you  must  set  up  a  pilot 
trial:  make  sure  that  your  methods  are  satisfactory:  and  that  any  measurements  you  make  are  re¬ 
peatable.  Then  you  go  on  and  do  the  prospective  epidemiological  study,  with  all  the  variables  that  you 
think  are  required  and  which  you  can  afford  to  include.  It's  not  simple.  If  I  could  just  add,  I'm  not 
at  all  happy,  for  example,  that  Dr.  Bowden  suggested  that  some  of  the  population,  subject  to  postural 
stress  without  vibration,  could  be  used  as  control  subjects  for  vibration.  To  ne,  this  is  simply  not 
done.  You  have  to  have  a  true  control.  You  may  have  to  use  the  factorial  method  of  analysis,  but  the 
control  populations  have  to  be  doing  comparable  physical  exertions:  they  have  to  be  struggling  with 
comparable  controls,  comparable  external  forces,  and  so  forth.  I  think  we  have  to  be  very  careful 
about  what  we  mean  by  an  epidemiological  control,  because  the  rules  of  epidemiology  are  very  strict. 
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P.  QUANDIEU 

Mddecin  en  Chef  -  Docteur  Es  Sciences 
Maltre  de  Recherches  du  Service  de  Santd  dea  Armdes 

CENTRE  D'ETUDES  ET  DE  RECHERCHES  DE  MEDECINE  AEROSPAT I ALES 
5,  bis  avenue  de  la  Porte  de  Sfevres,  75996  PARIS  Armies  (FRANCE) 


RESUME  : 

Pour  amdliorer  les  modules  dynamiques  de  la  colonne  vertdbrale,  il  est  non  seulement 
indispensable  d'appliquer  aux  diffdrents  coefficients.de  raideur,  d ' amort issement ,  et 
de  masse  les  valeurs  les  plus  exactes  possibles,  mais  il  est  dgalement  indispensable  de 
connaltre  le  comportement  mdcanique  des  diffdrents  matdraux  (ici  biologiques) 
constitutifs  de  la  structure. 

Aprfes  un  rappel  schdmatique  de  l'anatomie  de  l'unitd  vertdbrale,  l'auteur  fait 
l'analyse  bibl  iographique  des  caractdristiques  mdcaniques,  du  disque,  des  ligaments  et 
des  corps  vertdbraux.  C'est  ainsi  que  sont  rapportdes  les  valeurs,  maintenant  commund- 
ment  admises,  de  fluage,  de  relaxation,  de  pression  intranucldaire  ,  obtenues  lors 
d'essais  conduits  en  flexion,  extension,  inflexion  latdrale,  torsion  et  cisail lenient  du 
disque.  Les  dtudes  intdressant  la  valeur  de  ces  parsmfetres  pour  les  ligaments  sont 
dgalement  faites.  L'auteur  dnonce  les  donndes  obtenues  sur  la  propagation  des  onde3 
vibratoires  dans  la  colonne  et  donne  un  exemple  d'dtude  cindmatique. 


INTRODUCTION 

La  biomdcanique  vertdbrale  est  de  plus  en  plus  dtudide  6  l’aide  de  modfeles  en  raison 
du  ddveloppement  de  1 ' inf ormatique  qui  rend  possible  1 ' ut i 1 isa t ion  des  techniques 
d'analyse  numdrique  de  plus  en  plus  puissantes.  Quels  que  soient  leurs  modes  de  prdsen 
tation  la  structure  de  ces  modfeles  est  un ivoque, bSti s  qu’ils  sont  6  l'aide  de  1'outil 
mathdmatique.  C'est  ainsi  qu ' i 1  s'agit  le  plus  souvent  de  chercher  la  solution  d'un 
systfeme  d'dquations  di f f d ren t i e 1 les ,  lindaires  ou  non,  A  coefficients  constants  ou  non, 
ddfinies  dans  un  domaine  connu.  Meis  la  thdorie  physique  des  modfeles  est  souvent 
pervertie  quand  elle  est  appliqude  aux  sciences  biologiques.  La  division  du  domaine  de 
ddfinition  en  deux  plages  distinctes  -  correspondent  fe  des  niveaux  d'excitation  d'abord 
humainement  admissibles,  puis  inadmissibles -  ddtermine  en  pratique  de  biomdcanique  "in 
vivo"  deux  types  de  modfeles  ;  le  modfele  de  comportement  et  le  modfele  de  prddiction.  Le 
modfele  de  comportement  ddfini  le  plus  exactement  possible,  la  dynamique  vertdbrale 
quand  la  structure  est  soumise  fe  des  amplitudes  de  ddplecement  ou  de  force  supportables 
par  un  sujet.  Les  rdsultats  des  calculs  sont  confrontds  aux  donndes  expdrimentales.  Le 
modfele  de  comportement  qui  n'a  pas  d'intdrfet  au  plan  de  la  connaisssnce  possfede,  par 
contre,  une  valeur  spdculative.  Prdcis  dans  un  certain  domsine  on  inffere  qu'il  le  sera 
dgalement  dans  la  plage  supdrieure  d'excitation,  celle  ou  1 ’ expdr imentateu r  n'a  pas 
sects  car  1 'application  d'une  force  ou  d'un  ddplecement  de  grande  amplitude  ne  manque- 
raient  pas  de  provoquer  des  ldsions  graves  de  la  colonne  vertdbrele  du  sujet  qui  y 
serait  soumis.  Conceptuellement ,  de  comportemental  le  modfele  est  devenu  prddictif.  Son 
intdrfet  est  double  pour  le  biomdcanicien,  puisqu'il  se  conduit  -hypothdtiquement-  comme 
un  modfele  de  connaisssnce  et  qu'en  retour  il  permet,  par  exemple,  de  spdculer  sur  l'ef 
ficacitd  de  tel  ou  tel  type  de  protection.  L 'expdrimentateur  devient  expd rimental iste . 

Il  est  done  clair  qu'un  modfele  prddictif  est  -  ou  risque  d'dtre  -  d’autant  plus  utile 
que  le  modfele  de  comportement  est  exact.  Les  rdsultats  ddlivrds  par  ce  dernier  sont 
d'autant  plus  proches  de  la  rdalitd  que  les  valeurs  des  coefficients  des  psrsmfetres 
dont  il  dtudie  lea  variations  sont  prdcises. 

Ce  sont  les  valeurs  de  ces  diffdrents  coefficients  qui  sont  rapportds  dans  une 
analyse  blbliographique  concernant  les  dldments  d'une  unitd  vertdbrale  ;  les  corps 
vertdbraux,  les  disques,  les  ligaments.  Dans  une  premifere  partie  l'analyse  fait  le 
point  sur  les  valeurs  de  fluage,  de  relaxation,  de  pression,  etc...  pour  des  dtudes 
conduites  en  flexion  extension,  inflexion  latdrale,  torsion  et  cl  sal  1 lemen t .  Dans  un 
second  paragraphs  l'analyse  rapports  trfes  brifevement  les  donndes  ectuellement 
collectdes  concernant  la  propagation  des  ondes  vibratoires  dans  la  colonne.  Un 
troiaifeme  chapitre  dnonce  une  mdthode  d'dtude  de  la  clndmetique  des  unitds  vertdbrales. 

Auparavant,  rappellons  trfes  schdmatiquement  l'anatomie  d'une  unitd  vertdbrale. 


La  colonne  vertdbrale  des  mammlfferes  est  un  ensemble  ostdoligementaire  doud  de 
mobilitd.  Dana  1 'embranchement  des  cdphalocordds  elle  n'est  reprdsentde  que  par  une 
corde,  formation  d'orlgine  endodermique  qui  s'isole  prdcocement  de  la  rdgion  de 
l'hypoblaste.  C'est  une  baguette  allongde,  de  consistence  certilagineuse  qui  s'dtend 
d'une  extrdmltd  fe  l'autre  du  corps.  Dans  leurs  ddplacements ,  les  cdphalocordds  se 
meuvent  par  ondulatlon  latdrale  et  l'dlasticitd  passive  de  la  corde  est  antagoniste  des 
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flexions  provoqudes  par  les  muscles  -  DRACH  1948  (9). 

La  corde  se  retrouve  dans  tous  les  stades  embrvonnai res  des  vertdbrds  avec  les  carac- 
tbres  qu'elle  prdsente  chez  les  cdphalocordds,  BRIEN,  OALCQ  1954  (4).  Avec  la 
formation  d'un  squelette  axial,  la  corde  ddgdnbre  plus  ou  moins  et  peut  rndme 
disparal t re.  Si  c'est  le  css  chez  les  oiseaux,  chez  les  mammifbres  elle  se  conserve 
sous  forme  d'un  reliquat  embryonnaire  au  niveau  des  disques  inte rvertdbraux  ou  elle 
ddifie  le  nucleus  pulposus .  OEVILLERS  1954  (6).  Chez  quelques  reptiles,  se  diffdrencie, 
6  l'intdrieur  de  la  corde,  du  cartilage,  qui  s'ajoute  au  corps  vertebral. 

La  colonne  vertdbrale  proprement  dite  est  rdalisde  par  l'empilement  des  vertbbres. 
Elle  prdsente  quatre  courbures  antdro-postdrieures  chez  1 1 homme  : 

-  cervicale  s  convexe  on  avant, 

-  dorsale  :  convexe  en  arribre, 

-  lombaire  :  convexe  en  avant, 

-  sacrde  :  convexe  en  arribre.  h 

II  existe  sept  vertbbres  cervicales, 
douze  dorsales,  cinq  lombaires,  cinq 
sacrdes  (souddes),  une  ou  deux  coxy- 
giennes • 

2.1  -  0STE0L0GIE 

Toutes  les  vertbbres,  quelle  que  soit 
la  rdgion  b  laquelle  elles  appartiennent 
sont  morpho log i quemen t  dquivalentes  et 
constitudes  sur  un  mdme  type.  TESTUT, 

LATARJET  1928  (47),  TESIUT  L.,  JACOB  0., 

1929  (48).  Schdma t iquement  (figure  1), 
chacune  d'elle  prdsente  i 

-  un  corps  situd  en  avant  :  il  s'agit 
d'une  masse  osseuse  hdtdrogbne,  cons- 
titude  d'os  spongieux  enferrod  dans  une 
coque  d'os  compact, 

-  un  trou  vertdbral  situd  en  arribre 
du  corps, 

-  une  apophyse  dpineuse, 

-  deux  massifs  osseux  latdraux  cons- 
tituds  de  trois  apophyses  s  deux  articu- 
laires  (infdrieure  et  supdrieure),  une 
transverse,  les  pddicules  et  les  lames 
unissent  le3  massifs  osseux  latdraux 
respectivement  au  corps  en  avant  et  b 
l'dpineuse  en  arribre. 


2.2  -  ARTICULATIONS  VERTEBRALES 

Les  vertbbres  sont  relides  entre  elles  par  des  articulations  au  niveau  de3  corps  et 
des  apophyses  art iculai res. 

Un  disque  intervertdbral  rduni  les  vertbbres  deux  b  deux. 

Sa  hauteur  chez  l'homme  varie  de  3  mm  dans  la  rdgion  cervicale  b  9  mm  dans  la  rdgion 
lombaire.  Le  disque  eat  constitud  d'un  anneau  fibreux  pdriphdrique  et  d'une  substance 
gdlatineuse  centrale,  reliquat  de  la  corde  embryonnaire.  Les  disques  intervertdbraux 
sont  trbs  rdsistants  et  dans  les  mouvements  exagdrds  de  la  colonne  vertdbrsle  ils  ont 
plus  tendance  b  arracher  les  surfaces  osaeusen  sur  lesquelles  ils  s'insbrent  plutOt  que 
de  se  rompre.  Alors  que  les  disques  intervertdbraux  rdalisent  une  synarthrodie,  les 
articulations  des  apophyses  articulaires  sont  de  type  classique  avec  capsule  et 
synoviale  ( diarthroie) . 

Lea  vertbbres  sont  en  outre  rdunies  b  distance  par  des  ligaments  au  niveau  des  bords 
des  apophyses  transverses  et  dpineuses.  Seuls  les  pddicules  ne  sont  pas  relids  entre 
eux.  L'espace  laissd  vacant  rdalise  le  trou  de  conjugaison,  voie  de  passage  des  nerfs 
rachidiens. 

2.3  -  FORMATIONS  LIGAMENTAIRES 

Ligaments  communs 

Ce  aont  des  ligaments  qui  unissent  toutes  les  vertbbres  sur  la  totalitd  de 
l'axe  oaseux.  I  la  peuvent  cependant  prendre  une  importance  plus  ou  moins  grande  selon 
leur  localisation. 

-  Le  ligament  vertdbral  commun  antdrieur  est  situd  sur  la  face  antdrleure  de  la 
t  olonne. 

-  Le  ligament  vertdbral  commun  poetdrieur  est  en  pletn  canal  rachidien.  II  eat  placd 
immddiatement  devant  la  moelle  dpinibre. 

-  Le  ligament  aurdpineux  >  situd  en  arribre,  il  unit  les  extrdmitds  des  apophyses 
dpineuses.  Il  trouve  son  plus  grand  ddveloppement  au  niveau  cervical. 

Ligaments  Intervertdbraux 

Lea  apophyses  tranaveraea  sont  rdunies  b  leur  homologues  supdrleures  et 
infdrleurea  par  les  ligaments  intertransveraaires.  Le  ligament  interdpineux  rdunit  les 
apophyses  du  mdme  nom.  Les  lames  vertdbrales  sont  rdunies  entre  elles  par  "le  ligament 
jaune".  Large,  dpais,  il  complbte  en  arribre  la  fermeture  du  canal  rachidien  en 
comblant  l'hiatus  qui  adpare  lea  lames  vertdbrales  entre  elles. 


F 
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2.4  -  LES  MUSCLES  PAR AVERTEBRAUX 

Sur  la  colonne  osseuse  s' insu¬ 
rant  les  muscles  paravertdbraux . 
Leur  contraction  constante  permet 
4  l'dtre  humain  et  plus  gdndra- 
lement  aux  primates  de  conserver 
une  position  verticals.  La  stabi¬ 
lity  intrinsfeque  de  la  colonne 
vertdbrale  est  apportde  par  les 
disques  intervertdbraux  et  les 
ligaments.  La  stability  extrin- 
s4que  par  les  muscles  -  MORRIS 
1973  (  24  ) •  La  disoarltion  du 
f onct ionnemen t  normal  des 
haubans  musculaires  telle 
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Ligament  vertebral  common 
anterieur. 


Ligament  vertebral  common 
potterieur. 


Ligament  jaone. 

Ligament  intertransvermaire. 
Ligament  interepineox. 
Disqoe  intervertebral. 
Capsule  articulaire. 


Ligament  superepineux. 


LIGAMENTS  VERTEBRAUX  -  DISQUE  INTERVETEBRAL. 
(Schema) 


Figure  2 


schema  owe  wne  vertebrale  fonctionnelle. 


En  Fait,  les  vertfebres  lombaires 
constituent  les  points  d'insertion 
de  nombreux  muscles  qui  n'appar- 
tiennent  pas  totalement  4  la 
rdgion  lombaire  (muscles  larges  de 
l'abdomen  par  exemple).  Les 
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Action  t  envisagds  isoldment, 
ces  muscles  spinaux  ont  les 
actions  suivantes  :  le  sacro- 
lombaire  (ou  ilio-costal)  est 
extenseur  et  fiychisseur  de  la 
colonne.  Le  long  dorsal  par  ses 
faisceaux  externes  a  la  mime 
action,  mala  1 ' inclinaison 
iatyrale  est  moins  prononcde.  Le 
tranaveraaire  dpineux  est  le 
rotateur  le  plus  puissant.  II 
ports  la  face  antdrieure  du  cfitd 
opposd  4  la  contraction. 


Figure  3 
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•  En  avant  de  la  masse  commune  se  placent  les  muscles  intertransversaires  des  lombes. 
Ils  inclinent  de  leur  cflt d  la  colonne  vertdbrale.  Quand  ils  se  contractent  b  la  fois  b 
droite  et  b  gauche,  ils  fixent  solidement  cheque  vertbbre  b  cells  qui  l'encadre.  Ils 
tendent  ainsi  b  transformer  la  colonne  mobile  en  une  structure  rigide. 

.  En  arribre  de  la  maase  commune  s'inabrent  lea  muscles  interdpineux .  II  rapprochent 
les  apophyses  sur  lesquelles  ils  sont  fixds.  Ils  sont  extenseurs  de  la  colonne. 

En  avant  des  muscles  de  la  gouttibre  vertdbrale  se  placent  deux  muccles  importants  : 
le  carrd  des  lombes,  le  psoas  iliaque. 

Le  carrd  des  lombes  situd  sur  les  cfltds  de  la  colonne  lombaire  est  tendu  de  la 
douzibme  cOte  b  la  crdte  iliaque.  Son  action  est  diffdrente  selon  l'endroit  ou  11  prend 
son  point  fixe.  Si  le  point  fixe  est  sur  le  bassin  il  incline  de  son  eAtd  la  colonne 
lombaire  par  ses  faisceaux  ilio-transversaires.  S'il  prend  au  contraire  son  point  fixe 
sur  le  thorax  comme  cela  arrive  quelquefois  dans  le  ddcubitua  dorsal,  il  incline  le 
bassin  de  son  cOtd. 

La  portion  psolque  du  muscle  psoas  iliaque  est  tendue  de  la  colonne  lombaire  au 
fdmur.  Elle  prdsente  une  arcade  mddio-vertdbrale  et  ne  s'insbre  que  sur  les  bords 
infdrieurs  et  supdrieurs  des  portions  toutes  latbrales  des  corps  vertdbraux  ainsi  que 
sur  la  partie  latdrale  des  disques  intervertdbraux  lombaires. 

Action  :  le  muscle  psoas  fldchit  la  cuisse  sur  le  bassin.  Dans  la  station  verticale 
il  prend  son  point  d' insertion  fixe  sur  le  fdmur.  Agissant  alors  aur  la  colonne 
vertdbrale  il  la  fldchit  en  avant.  S'il  se  contracte  d'un  cfttd  seulement  il  fldchit 
encore  le  tronc  mais  en  mbme  temps  il  l'incline  de  son  cfltd  et  lui  imprime  un  mouvement 
de  rotation.  Dans  la  station  debout  le  psoas  combine  son  action  b  celle  des  abdominaux 
et  des  extenseurs  vertdbraux  pour  assurer  l'dquiiibre  du  tronc  sur  les  hanches.  C'est 
un  muscle  important  de  la  statique  du  tronc. 

Outre  les  muscles  de  la  masse  commune  du  carrb  des  lombes  et  du  psoas  qui  ont  une 
action  vdritablement  active  sur  la  colonne  osseuse,  les  muscles  larges  de  1 ' abdomen  ont 
une  action  passive.  Leur  activitd  ( f ldch isseurS ou  rotateurSdu  tronc)  est  importante  car 
durant  faction  de  soulbvement  ila  diminuent  la  charge  sur  les  disques  intervertdbraux 
en  transformant  l'abdomen  en  cylindre  b  paroi  semi-rigide,  MORRIS  1973  (24  ). 


3  -  BIOHECANIQUE  VERTEBRALE  ;  STATIQUE 


La  premibre  rdaction  du  corps 
humain  soumis  aux  forces 
mdcaniques  est  une  rdaction 
mbcanique  t  une  contrainte  ou  une 
ddformation.  Aprbs  un  certain 
temps  d'excitation  mdcanique 
surviennent  toute  une  sdrie 
d ' a justements  comportementaux . 
L'dtude  de  la  biomdcanique 
vertdbrale  est  une  premibre 
approche  de  la  comprdhension  des 
consdquences  osseuses  ou 
ligementairea  de  ces  stimulations 
en  relation  avec  leur  amplitude. 

3.1  -  LE  DISQUE  INTERVERTEBRAL 
3.1.1  -  Anatomle  fonctionnelle 


DISPOSITION  »S  FIBRES  ANNULAIFES  D'APRES  KAZARIAN 
IN  “CLINICAL  BIOiecHANICS  OF  THE  SPINE"  WHITE  ET  PANJABI 


•“““CONTRAINTE  BE  TENSION 
•— •CONTRAINTE  DE  PREEEION 


Le  disque  intervertdbral  est 
constitud  : 

-  d'un  anneau  fibreux  (annulus 
f ibrosus) , 

-  d'un  noyau  pulpeux  (nucleus 
pulposus ) , 

-  de  deux  plateaux 
cartilagineux. 

De  fagon  trbs  imagde,  on  peut 
comparer  cet  ensemble  b  une  botte 
de  conserve  cylindrique  dont 
l'anneau  forme  le  corps,  les 
plateaux  cartilagineux  les 
couvercles  et  le  noyau  le  contenu. 


CCNTRAINTES  I MTAADI  SCALES  D’APRES  KULAK  ET  COLL.  IN  CLINICAL 
OF  THE  SPINE  MITE  ET  PANJABI,  1978 


-  L'annulus  fibrosus 

L'anneau  fibreux  conetitud  de 
couches  tisaulaires  de 
fibrocartilage  prdsente  une 
organisation  lamellaire  identique 
b  celle  d'un  bulbe  d'oignon  dans 
lequel  les  lamelles  seraient 
extrdmement  adhdrentes  lee  unes 
aux  autres.  Cheque  couche  unitaire 
fermde  en  un  anneau  tubulsire  est 
fortement  insdrde  sur  les  deux 
vertbbres  adjecentes. 


F igure  4 
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Cependant  les  fibres  conjonctives  cons ti tut i ves  de  cheque  lamelle  sont  trfes  obliques 
par  rapport  6  l'axe  vertical.  Elies  foment  un  angle  de  trente  degrds  aur  la  direction 
horizontale.  Cette  orientation  crde  une  dlasticitd  en  traction-compression  car 
l'obliquitd  des  fibres  s'inverse  d'une  couche  &  1 1  autre  -  MARKOLF,  MORRIS  1974  (23). 
L'dpaisseur  des  portions  antdrieures  et  latdrales  de  l'anneau  est  approximativement  le 
double  de  celle  de  la  partie  postdrieure  jux tamddul lai re .  Dans  cette  zone  les  couches 
de  tissu  fibreux  sont  moins  dpaisses  et  la  direction  des  fibres  moins  oblique.  Elle 
tend  4  devenir  axiale.  L'adhdrence  entre  les  couches  est  dgalement  moins  forte.  "Ces 
facteurs  contribuent  sans  nul  doute  4  crder  des  conditions  fsvorsbles  4  la  survenue  de 
hernies  discales"  MORRIS  1973  (24). 

En  raison  de  1 1  orientation  prdfdrentielle  des  fibres,  l'anneau  fibreux  est  anisotrope 
et  non  homogdne.  (Le  coefficient  d'dlaaticitd  varie  en  fonction,  de  la  distance  qui 
sdpare  le  centre  du  disque  de  la  pdriphdrie,  de  1 ' orientat ion  relative  des  fibres  et  de 
la  charge  appliqude).  II  n'existe  pas  de  passage  net  entre  les  fibres  des  lamelles 
centrales  et  la  structure  du  noyau. 

-  Le  nucleus  pulposus 

Le  nucleus  pulposus  est  une  substance  gd lat ini f orme  et  hydrophile  dont  la  teneur  en 
eau  est  d'environ  88  %.  La  composition  du  noyau  se  modifie  avec  l'&ge  ;  les  substances 
mucoides  qui  le  composent  sont  progressivement  remplacdes  par  du  f ibrocsrt ilage  moins 
gdlatineux.  En  raison  m&me  de  la  structure  de  l'anneau  fibreux  le  nucleus  est 
ldgdrement  ddcentrd  vers  l'arridre.  II  occupe  50  4  60  %  de  la  surface  totale  du  disque. 
II  est  constitud  de  cellules  chondrocytiformes  dispersdes  dana  une  matidre 
intercel lula i re  ou  l'on  trouve  un  maillage  de  fibres  collag&nes  peu  dif fdrencides. 
Chacune  de  ces  fibres  est  couverte  par  un  complexe  protdo-polysaccaridique.  Ce 
polysaccaride  (chondroltine  sulfate)  donne  au  noyau  sa  grande  capacitd  de  liaison  avec 
les  moldcules  d'eau.  Mais  en  fonction  de  l'&ge,  la  ddgdndrescence  de  cet  organe 
s'accompagne  d'une  diminution  de  sa  teneur  en  eau.  Le  noyau  peut  &tre  considdrd  comme 
une  substance  isotrope  et  homogdne  par  suite  de  1 ' orientation  aldatoire  des  fibres.  II 
se  comporte  comme  un  fluids  incompressible,  confind  dans  un  volume  constant,  en  dtat  de 
contrainte  hydrostatique. 

-  Les  plateaux  carti lagineux 

Composds  de  cartilage  hyalin,  ils  isolent  les  deux  autres  composants  discaux  (anneau, 
noyau)  du  corps  vertdbral.  Le  coefficient  d'dlasticitd  est  4  peu  pr4s  le  tiers  de  celui 
de  l'os  spongieux  du  corps  vertdbral. 

3.1.2  -  Proprldtds  physiques  du  dlaque  intervertdbral 
-  Fluage  relaxation 

Le  disque  intervertdbral  se  comporte  comme  un  matdriau  viscodlastique. 

L ' application  d'une  force  constante  sui  la  structure  fait  appBraltre  un  phdnomdne  de 
fluage.  La  ddformation  n'est  pas  seulement  une  fonction  de  la  charge,  c'est  aussi  une 
fonction  du  temps.  HIRSCH  et  NACHEMSON  1954  (13)  n'obtiennent  pas  de  ddformation  stable 
du  disque  par  1 ' applicati on  d'une  force  de  100  daN  pendant  plusieurs  heures  (la 
ddformation  maximale  obtenue  est  de  1,07  mm). 

Le  fluage  est  dtudid  par  MARKOLF  et  MORRIS  1974  (23)  .  Les  observations  sont  obtenues 
sur  des  pidces  anatomiques  soumisea  4  quatre  charges  diffdrentes  pendant  70  minutes  : 
les  forces  les  plus  importantes  provoquent  les  ddformations  les  plus  grandes  (4 
1 ' asymptot e) ,  avec  des  vitesses  de  ddformations  les  plus  rapides.  Coroll ai remen t , les 
plus  grandes  vitesses  de  relaxation  sont  en  rapport  avec  la  cessation  d ' application  des 
charges  les  plus  fortes. 

Le  fluage  est  un  mdcanisme  par  lequel  le  disque  subit  un  processus  de  rdpartition  du 
stress  jusqu'4  ce  qu'il  s'adapte  ou  qu'il  atteigne  un  dtat  stationnaire  par  rapport  4 
une  charge  spdcifique.  La  question  qui  se  pose  est  de  savoir  par  quel  mdcanisme  se 
produit  ce  fluage.  "Y  a-t-il  dchange  de  liquide  par  les  plateaux  cartilagineux  ?  Y-at- 
il  une  rdpartition  du  liquide  dans  les  parols  de  l'anneau  7  Y  a-t-il  une  simple 
ddformation  de  structure  sans  aucun  dchange  de  liquide  7  L'dtude  de  la  littdrature  de 
ces  donndes  montre  que  les  mdcanismes  responsables  du  fluage  restent  obscure"  KAZARIAN 
1975  (19). 

La  plupart  des  auteurs  se  sont  attachds  4  ddterminer  les  ''aleurs  des  paramfetrea 
physiques  des  structures  discales  en  travaillant  le  plus  souvent  sur  des  pidces 
anatomiques  fralches.  Bien  entendu,  il  n'a  Jamais  dchappd  4  la  sagacitd  des 
expd rimentateurs  que  les  rdsultats  obtenus  dsns  de  telles  conditions  ne  sont  qu'un 
reflet  plus  ou  moins  dloignd  de  la  rdalitd  puisque  les  tissos  morts  ne  prdsentent  plus 
les  m&mes  caractdr istiques  d' hydratatlon,  de  tempdrature,  de  souplesse,  etc...  que  ceux 
des  tissus  vivants. 

-  Hystdrdais 

Toua  les  matdrieux  viscodlastiques  ont  des  proprldtds  d'hystdrdsis  qui  rendent 
compte  de  l'dnergie  perdue  dans  la  structure  soumise  4  des  cycles  rdpdtitifs  de 
compression  et  de  ddcompression.  WHITE  et  PAN3ABI  1978  (50),  dans  leur  ouvrage 
"Biomechanium  of  the  spine"  rapportent  lea  expdrlences  de  VIRGIN  rdalisdea  en  1951. 

L ' hystd rdsis  varie  en  fonction  de  la  force  appliqude,  de  l'ige  et  de  la  localisation  du 
disque.  Plus  la  force  appliqude  est  importante  plus  la  courbe  d'hystdrdsis  est 
globuleuse.  L'dnergie  dissipde  dans  le  disque  diminue  avec  l'ige.  Elle  est  plus  faible 
pour  les  segments  lombaires  supdrieurs  que  pour  les  segments  infdrieurs.  L'hystdrdsis 
diminue  si  le  mime  disque  est  soumis  une  seconde  foie  4  la  m6me  excitation.  Ainsi,  la 
dissipation  d'dnergie  dans  les  disques,  qui  est  un  phdnomdne  de  protection,  devient 
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noins  importante  pour  des  excitations  rApAtitivea.  La  vibration  axiale  est  peut-Atre  un 
des  facteurs  favorisant  de  la  fragilisation  vertAbrale. 

-  Pression  intradiscale 

Si  l'on  veut  bian  adnettre  avec  KORESKA  at  al.  1977  (22),  1 1 homogAnAitA , 
l'iaotropie  at  l'Atat  da  contrainte  hydrostatique  du  nucleus  pulposua,  elora  la 
presaion  interna  du  noyau  varie  lin6airenent  avec  la  tassement  coaxial.  Cependant 
l'Atude  sur  dix  diaquea  hunains  non  dAgAnArAs  rAalisAe  par  BORTOLUSSI,  DOSDAT  et  ROBERT 
1979  (3)  aenble  montrer  un  comportement  non  hydrostatique  du  noyau. 

Mala  c'est  A  NACHEMSON  et  EVANS  1964  (25)  que  sont  dus  lea  meilleurs  renseignenents 
sur  la  presaion  intradiscale.  Ces  auteurs  introduiairent  par  voie  lombaire,  chez 
l'honme  vivant,  un  nicrocapteur  de  presaion  en  position  intranuclAaire.  Lea 
enregiatrenents  aont  obtenua  sur  19  aujets  en  position  debout,  assise,  ou  allongAe  en 
dAcubitus  lateral.  Quelquea  volontaires  portent  Agalement  des  masses  de  9  ou  20 
kilogrammes.  D'autres  enfin  sont  porteurs  d'un  corset  gonflable  dont  la  pression  est 
AlevAe  jusqu'au  maximum  supportable  par  le  patient.  Auasi  souvent  que  cela  est 
possible,  lea  aujets  effectuent  une  manoeuvre  de  VAL  SALVA  (manoeuvre  rAalisAe  chez  les 
lombalgiquea) .  Les  rAsultats  de  cette  experience  sont  trAs  riches  d'enseignements  : 

-  les  pressions  intradiscales  sont  plus  AlevAea  chez  le  sujet  assis  (12  A  13  kg/cm2 
(13.10s  Pa)  que  chez  l'homme  debout,  8  A  9  kg/cm2  (8-9. 10s  Pa).  Hsis  si  ce  mAme  sujet 
debout  porte  un  corset  gonflA,  la  pression  diminue  A  7  kg/cm2  (7.10s  Pa).  II  n'est  pas 
Atonnant  de  trouver  les  valeurs  les  plus  faibles  4  A  5  kg/cm2  chez  l'individu  en 
decubitus  lateral. 

-  Lorsque  les  aujets  sont  porteurs  de  poids,  les  preasions  intradiscales  augmentent 
consi dArab lemen t  <  16  kg/cm2  (masse  de  9  kg),  20  kg/cm  2  (masse  de  20  kg)  chez  les 
aujets  aasis. 

Conaiddrant  que  57  X  du  poids  du  corps  s'exerce  sur  L3  et  59  X  sur  L4,  les  auteurs 
montrent,  A  partir  d'dtudes  r6alia6ea  sur  le  cadavre,  que  le  port  d'une  masse  d'une 
vingtaine  de  kilogrammes  entralne  une  charge  de  1200  N  sur  la  troisiAme  vertAbre 
lombaire  d’un  sujet  de  70  kg  I 

PANJABI  1978  (29)  donne  une  explication  du  phAnomAne  en  considArant  que  la  somme  des 
forces  appliquees  au  disque  est  rAalisAe  par  : 

-  la  masse  corporelle  situAe  au-deasua  du  disque. 

-  Les  prAcontraintea  liAes  A  1'activitA  propre  des  muscles  paravertAbraux . 

-  Un  moment  de  flexion  dont  le  bras  de  l.evler  est  constituA  par  la  projection  du 
centre  de  gravitA  sur  la  perpendiculeire,  peasant  par  l'axe  de  la  vertAbre. 

Cependant,  IGNAZi,  C0BLENTZ,  HENNI0N,  PRUDENT  1974-75  (15)  montrent  que  le  centre  de 
gravitA  de  l'Atre  humain  meaurA  A  l'aide  d'un  pendule  composA  ae  situe  en  regard  de  la 
deuxiAme  ou  troisiAme  vertAbre  sacrAe  A  1' intersection  des  directions  principales  des 
cols  des  fAmurs.  La  composante  de  charge  liAe  au  moment  de  flexion  serait  trAs  faible, 
tout  au  moins  chez  l'homme  debout.  Un  calcul  simple  montre  aloes  que  la  force 
dAveloppAe  par  les  muscles  sur  L4  par  un  sujet  debout  porteur  d'une  masse  de  20  kg  est 
de  600  N  environ. 


-  Etude  en  compression 

C'est  sans  doute  sur  la  compression  d/.scale  que  la  littArature  est  la  mieux 
documentAe  -  BERKS0N  et  al.  1979  (2),  B0RY0LUSSI  et  al.  1979  (3).  HIRSCH  et  NACHEMSON 
1954  (13),  JAYSON  et  col.  1973  (16),  KORESKA  et  al.  (22),  MARK0LT  et  MORRIS  1974  (25), 
MORRIS  1973  (24),  NACHEMSON  et  col.  1964  (25),  PANJABI-BRAND-WHITE  1976  (28),  PANJABI 
et  al.  1978  (30),  SCHULTZ  et  col.  1979  (46). 

La  force  de  compression  se  transmet  d'un  plateau  A  1 'autre  par  1 ' intermAdi ai re  de 
l'anneau  fibreux  et  du  nucleus  pulposus.  Celui-ci  suffisemment  humide  semble  bien  avoir 
un  comportement  hydrostatique.  La  pression  crAAe  dans  cet  orgsne  pousse  les  structures 
voisines  de  fagon  homogAne  dans  toutes  les  directions.  Ici  apparalt  1'utilitA  des 
plateaux  cartllaglneux  qui  se  comportent  comme  les  couvercles  concaves  d'une  bolte  de 
conserve  cylindrique  dont  1'intArieur  eat  en  surpresslon. 

Lora  de  la  compression  du  diaque  intervertebral,  l'anneau  fibreux  est  dAformA  vers 
1'extArleur.  Les  plateaux  car ti lagineux  sont  AloignAs  l'un  de  l'autre  surtout  en  leur 
centre.  Ila  tendent  A  devenir  convexes.  Les  experiences  de  compression  montrent  que  le 
diaque  a  un  comportement  de  matArlau  viacoA last ique  i  la  relation  entre  la  charge  de 
compression  axiale  et  la  deformation  est  une  relation  exponentielle.  A  deformation 
constants,  11  exiate  une  diminution  rapide  de  la  force  appliquAe  pendant  la  premiAre 
phase. 

Les  contraintea  A  1'intArieur  d'un  anneau  ne  s'exercent  pas  toutes  dans  la  mAme 
direction.  11  exiate  dea  efforts  axiaux  et  des  efforts  tangentiels  dits  circonfAren- 
tiels  qui  s'exercent  dans  le  sens  des  fibres.  Dana  un  disque  sain,  la  repartition 
homogAne  des  preasions  en  relation  avec  1 'hydratat ion  du  nucleus,  fait  qu'il  n'existe 
que  des  tensions  A  la  pArlphArie  de  l'anneau,  des  tensions  tangentlellea  et  dea 
compressions  axialea  dans  lea  couches  les  plus  centrales.  L ' appl ication  d'une  force 
trop  importante  sur  un  segment  vertAbral  tend  A  augmenter  la  convexitA  des  plateaux 
cartllaglneux,  puis  lea  effondrer  pour  crAer  la  aurvenue  de  hernles  intraspongieuses. 

II  e'agit  done  d'une  pathologie  survenant  chez  un  sujet  Jeune  et  il  est  bien  cleaeique 
de  chercher  la  prAaence  de  nodule  de  Schmorl  dans  les  sAquellea  de  la  maladie  de 
Scheuermann. 

La  situation  eat  tout  autre  quand  le  diaque  dAgAnAre  en  ae  dAahydratant.  Le  nucleus 
deviant  incapable  de  rApartir  lea  presaion  de  fagon  homogAne.  Le  mAcanlsme  dea  forces 
est  alors  signif icativement  modlflA.  Las  plateaux  cartllaglneux  subissent  dea  forces 
d'Agale  amplitude  tent  en  leur  centre  qu'en  leur  pArlphArie.  Les  contraintea  axialea 
s'exercent  en  compression  auaai  bien  A  la  pArlphArie  de  l'anneau  que  dans  les  lames 
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fibrauses  las  plus  internes.  Saules,  las  tensions  circonfdrentielles  persistent  4  la 
pdriphdrie.  Les  contraintes  ci rconfd ren t ie 1 1 ea  centrales  aont  ausai  devenues  des 
compressions  de  forte  amplitude.  Les conditions  sont  rdunies  pour  1' apparition  de 
ruptures  dans  ia  paroi  1 igsment ai re  du  diaque  svec  dnucldation  du  noyau  6  travers  la 
zone  la  aoins  dpaisse,  c'est-4-dire  vers  l'arribre  (dtiologie  des  sciatiques). 

-  Etude  en  flexion,  extension,  inflexion  latdrale,  torsion 

Des  travaux  ont  fait  l'objet  d'une  publication  par  SCHULTZ,  WARWICK,  NACHEMSON 
1979  (46).  Us  appliquent  des  forces  et  diffdrents  moments  sur  42  segments  vertdbraux 
prdlevds  sur  des  cadavres  frais.  L 'experience  est  conduite  avec  ou  sans  prdcontrainte 
initiale.  Les  enregistrements  montrent  que  le  disque  lombaire  est  moins  flexible  en 
torsion  qu'en  inflexion  latdrale  (1,4°  de  rotation  pour  un  moment  de  torsion  de  10,6 
Nm,  et  9s  en  inflexion  latdrale  pour  une  mbme  valeur  de  moment  de  flexion).  (La 
flexibilitd  est  la  valeur  du  ddplacement  rapportd  6  une  charge  unitaire  t  elle 
s'exprime  en  0°/Nm  pour  la  translation,  c'est  done  approximstivement  l'inverse  de  la 
raideur) . 

Dans  le  tableau  n°  1  sont  consignds  les  rdsultats  de  SCHULTZ  et  al.  en  degrds,  pour 
des  moments  de  4,7  Nm  et  10,6  Nm. 


MOMENTS 

MOUVEMENTS  4,7  Nm  10,6  Nm 


FLEXION 

5,89 

3,02 

5,93 

0,67 

EXTENSION 

3,64 

1,02 

FLEXION  LAT.  DR0ITE 

4,39 

1,37 

FLEXION  LAT.  GAUCHE 

4,00 

1,82 

4,68 

0,77 

TORSION 

1,72 

0,41 

2,26 

0,77 

TABLEAU  1  <  Etude  des  mouvements  des  disques  intervertdbraux  (les  rdaultata 
sont  donnds  en  degrds) 

II  existe  dgalement  des  mouvements  de  couplage  (apparition  de  mouvements  dans  des 
directions  diffdrentes  de  celle  de  la  force  ou  du  moment  eppliqud).  Les  rdsultats  sont 
consignds  dans  le  tableau  n°  2  qui  se  lit  de  la  fagon  suivante  s  pour  une  flexion  de 
5,9  •  la  translation  4  gauche  vaut  0,3  mm  et  la  torsion  0,4°. 

MOMENTS  10,6  Nm  TRANSLATION  (cm)  ROTATION  (deg) 


MOUVEMENTS 

GAUCHE 

POST 

SUP 

FLEXION 

INFLEXION  G 

TORSION 

FLEXION 

0,03 

-0,20 

0,03 

-0,2 

0,4 

EXTENSION  (4,7  Nm) 

0,02 

+0,10 

-0,07 

-3,6 

0,4 

-0,0 

INFL.  LAT.  DR0ITE 

-0,76 

0,03 

-0,00 

0,2 

-5,0 

-0,1 

INFL.  LAT.  GAUCHE 

0,17 

-0,04 

-0,05 

-0,8 

4,7 

-0,3 

TORSION 

0,06 

0,03 

0,00 

-0,6 

-0,1 

-2,5 

TABLEAU  2  :  mouvements  de  couplage  exereds  sur  le  disque  intervertdbral . 


Le  tableau  montre  clairement  que  les  mouvements  d'inflexion  latdrale  et  de  torsion 
aont  couplds.  II  a  souvent  dtd  affirmd  (et  non  ddmontrd)  que  ces  couplages  sont 
inhdrents  4  la  structure  de  la  colonne  vertdbrale. 

Les  auteurs  discutent  le  rile  de  l'activitd  musculaire  paravertdbrale  et  abdominals 
sur  ces  diffdrents  mouvements  de  la  colonne.  La  surface  de  section  utile  des  muscles 
abdominaux  dans  la  relation  envisagde  est  de  5  cm  2  ,  la  surface  de  section  des  muscles 
drecteurs  de  la  colonne  est  de  25  cm2  .  Alors  que  ces  derniers  agissent  avec  un  bras  de 
levier  de  5  centimbtres,  les  abdominaux  agissent  avec  un  bras  de  levier  de  15 

centimbtres.  Sachant  que  la  possibilitd  maximale  de  la  contraction  musculaire 

volontaire  humaine  se  situe  entre  40  et  100  N/cm2  et  en  utilisant  la  plus  faible  valeur 
40  N/cm2  ,  il  apparait  que  des  charges  de  30  Nm  sont  ndeessaires  4  la  flexion  et  50  Nm 
4  I'extension.  La  comparaison  des  moments  ndeessaires  ainsi  calculds  avec  les 
rdaistancea  enregistrdes  expdrimentalement  montre  que,  seule,  une  petite  partie  des 
forces  disponiblea  est  utilisde  pour  vaincre  les  rdsistances  aux  mouvements  (pour 
obtenir  une  flexion  de  3°"  4  5*"  il  soffit  d'appliquer  une  charge  de  10  Nm). 

Ce  calcul  n'eat  que  la  quantification  d'un  phdnombne  d' observation  courante  :  si  les 

muscles  du  tronc  peuvent  vaincre  des  charges  importantes,  c'est  qu'une  faible  partie  de 

leur  capacity  est  utilisde  4  vaincre  les  rdsistances  internes. 

-  Etude  en  cisaillement 

Les  mimes  auteurs  (BERKS0N  et  al.  1979)  (2)  dtudient  l'amplitude  des  cisalllements 
postdrieur,  antdrieur,  latdral  d,  pour  diverses  forces  sppliqudes  dans  l'axe  vertical 
normal  de  compression  (tableau  n°  3). 

DEPLACEMENTS  (cm) 

COMPRESSION  CISAILLEMENT  CISAILLEMENT  CISAILLEMENT 

POSTERIEUR  ANTERIEUR  LATERAL  D. 

0,010  0,084  0,030  0,094  +  0,026 

0,019  0,124  ♦  0,021  0,142  +  0,046 

0,050  0,026 


FORCES 

(N) 


86 

145 

400 


TABLEAU  3  i  (Explications  dans  le  texte)  . 


0,076  ♦  0,027 
0,111  ♦  0,050 
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Ces  rdaultats  sont  intdressants  car  lea  mouvements  de  ciaaillenent  aont  responaablea 
an  partle  de  la  pathologie  dee  luxations  vertebrates. 

Cependant,  la  discussion  de  cea  rdaultats  eat  asaez  delicate  et  celle  des  auteurs  eat 
somme  toute  assez  peu  convaincante .  En  effet,  l'dtude  dea  mouvements  de  couplege  montre 
que  lea  ddplacements  en  translation  (ciaaillenent)  a 1 acconpagnent  de  nou venenta  de 
flexion,  extension,  rotation.  C'est  ainai  que  I'anplitude  des  mouvenents  obtenus  n'eat 
que  rareraent  corrdlde  b  la  aorphologie  des  pibcea  so um I sea  b  1 'experience  :  par 
exemple,  la  hauteur  des  disquea  ne  semble  avoir  aucune  consequence  sur  lea  ddplacements 
mesurds,  ce  qui  ne  nanque  pas  de  aurprendre  I 

3.2  -  CARACTER1ST1QUES  B10HEC ANIOUES  DES  CORPS  VERTEBRAUX  t  ETUDE  DE  KAZARIAN  ET 
GRAVES  197? 


Les  caractd r ist iques  mdcaniques  du  tiasu  osaeux  vertebral  ont  ete  perticulibrenent 
dtudides  par  l'dquipe  de  biodynamiciens  des  laboratolres  de  recherches  de  nddecine 
adronautique  de  l'US  AIR  FORCE.  KAZARIAN,  BOYD,  Von  GIERKE  1971  (17)  KAZARIAN,  Von 
GIERKE  1971  (18)  KAZARIAN  1978  (20)  KAZARIAN,  BELK  1979  (21). 

L'intdrbt  nontrd  par  ces  chercheurs  pour  le  conportenent  mdcanique  de  la  vertbbre  est 
en  relation  avec  les  problbmes  pathologiques  prdsentds  par  les  pilotea  lors  des 
evacuations  de  bord. 

II  faut  se  souvenir  que  l'os  est  un  organe  en  perpdtuel  reman  lenient .  Se  formation  est 
lide  b  l'existence  d'une  ms  trice  protdique  sur  laquelle  se  ddpose  un  complexe 
microcristallin  d ' hydroxy apa tite  (calcium  et  phosphate),  ainsi  qu'une  petite  quantitd 
de  carbonate  de  calcium.  Les  composes  mindraux  (cristaux  d'apatites)  sont  caractdrisds 
par  une  raideur  dlastique, 

une  resistance  en  compression  c™ 

dlevde  et  une  resistance  b  la  1 

tension  faible.  Les  fibrilles 
de  collagbne  n'ont  aucune  re¬ 
sistance  b  la  compression,  mais 
prdsente  une  forte  resistance  b  Charge 

la  traction,  KAZARIAN  et  al.  Max.  - -  — -an.. 

1971  (17).  \ 

L'os  est  un  systbme  dynami-  y  \ 

que  stable  s  l'activitd  ostdo-  S  'X 

blastique  est  b  tout  moment  (  * 

exactement  contrebalancde  par  / 

l'activitd  ostdoclestique.  Lea  / 

ostdoclastes  exergent  lour  pou-  naiaeur  # 

voir  de  rdsorption  sur  les  cel-  r 

lules  osseuses  adultes,  les  os-  1 

tdocytes.  II  est  aisdment  comprd-  A 

hensible  que  toute  activitd  ddsor-  V 

donnde  de  ces  cellules  (troubles  I  Energie  b 

d'origine  cellulaire,  vasculaire  u  la  charge  max 

ou  mdtabolique)  entraine  une  rupture  l 

d'dquilibre  physiologique  et  par  j 

consequent  des  variations  des  pro-  m 

pridtds  mdcaniques.  L'fige,  lea  / 

variations  endocrine  ou  mdtabolique  / 

lides  aux  sexes,  les  pathologies  J 

mdteboliques  et  endocriniennes,  y  Deformation  Mai. 

etc...  sont  les  facteurs  de  troubles  /  1  r  (Fracture) 

plus  frequents.  KAZARIAN  et  GRAVES  ^ 

1979  (21)  ont  particulibrement  dtu-  Ddplacement 

did  les  caractdristiques  de  resistance 

des  corps  vertdbraux  de  la  colonne  Graphs  charge  v.s.  ddplacement 

vertebrate  de  macaques.  (KAZARIAN)  (21) 


Deformation  Max. 
(Fracture)  - 


Graphs  charge  v.s.  ddplacement 
(KAZARIAN)  (21) 

Figure  5 


Les  etudes  sont  rdalisdes  sur  les  corps  vertdbraux  dont  le  niveau  de  prdlbvement 
rdalise  quatre  groupea  t  D8  D9  010  ,  Dll  012  LI,  L2  L3  LA,  L5  L6  L7.  Les  vertbbres  de 
chacun  des  groupea  sont  supposdes  identiques.  Elies  sont  prdlevdes  sur  4  singes  t  soit 
48  vertbbres  dtudides.  Dana  le  plan  experimental,  les  vertbbres  sont  tirdes  au  hassrd. 
Chaque  vertbbre  d'un  groupe  est  soumise  b  une  compression  b  vitesse  constants. 


R2  =  8,89.10" 


R4  s8,89.10"^  m/a 


R6  =  8,89.10.  m/s 


Une  seconds  experience  est  rdalisde  avec  lea  viteases  intermedia  ires . 


Rx  =  8,89.10*°  m/a 


Rj  =  8,89.10“*  m/a  Rj  *  8,89.10*2  m/a 


Les  quatre  parambtres  (charge  b  la  rupture,  deformation  b  la  charge  de  rupture, 
raideur,  energie  ndcessaire  pour  obtenlr  la  fracture  du  corps  vertebral)  sont  obtenus 
directement  b  partir  de  la  courbe  dtablie  sur  la  figure  3.  Certalnes  grandeurs  donndes 
en  unite  induatrielle  de  contralnte  et  de  ddplacement  dependent  b  la  fois  de  la  courbe 
charge-ddformation  et  des  donndes  gdomdtrlques  du  specimen  t 


-  Contralnte  Hex  induatrielle  a 
(traduction  literals) 


surface  du  specimen 
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deformation  max  induatrielle 


deformation  6  la  charge  da  rupture 
longueur  initiele  du  specimen 


-  module  d'eiasticite 


raideur  (N/m) . 


lonaueur  initiele  du  specimen  (m) 
2  ) 

surface  (m  ' 


RESULTATS 

*  La  charge  A  la  rupture  :  les  effete  conjuguAs  des  vitesses  de  deplacement  et  de  la 
position  interviennent  aur  la  valeur  de  la  charge  nAcessaire  pour  provoquer  la  fracture 

pour  08  09  010  A  8,89.10-3  m/s  s  3000  N 

L5  L6  L7  A  8.89.10"1  m/s  s  7500  N 

La  charge  de  rupture  est  une  fonction  linAaire  du  logarithms  de  la  vitesse  (A  une 
constante  prfes)  significative  du  niveau  vertebral  considArA. 

*  Deformation  A  la  charge  de  rupture  :  les  rAsultats  montrent  une  dispersion  beaucoup 
plus  importante  que  dans  le  cas  precedent.  Cependant,  les  valeurs  de  deformation  k  la 
charge  de  rupture  sont  en  liaison  avec  les  effets  conjuguAs  de  la  vitesse 

d' application,  de  la  force,  du  niveau  vertebral. 

*  Raideur  :  les  raideurs  les  plus  AlevAes  sont  obtenues  avec  la  charge  la  plus  forte 
appliquAe  aux  vitesses  les  plus  AlevAes. 


pour  D8 

D9 

D10 

2, 

,02. 

106 

N/m 

Dll 

D12  LI 

2, 

,81 

106 

N/m 

L  2 

L  3 

L4 

4. 

,106 

N/m 

A  vitesse 

AlevAe  8,89.10" 

1  m/s 

1. 

,106 

N/m 

A  vitesse 

lente  8,89.10-5 

m/ s 

*  Enerqie  A  la  charge  de  rupture  :  si  I'effet  de  la  vitesse  d' application  des  forces 
n'est  pas  significative  quand  aux  variations  de  l'energie  absorbAe,  par  contre,  le 
niveau  vertebral  intervient.  Ordre  de  grandeur  Dll  D12  LI  -  L2  L3  U  {  8  joules. 

*  Contrainte  induatrielle  maximale  i  l'ordre  de  grandeur  A  vitesse  moyenne  quel  que 
soit  le  niveau  vertAbrale  est  de  19.10°  Pa. 

*  Deformation  induatrielle  A  la  contrainte  maxlmale  :  la  deformation  A  la  charge 
maximale  divisAe  par  la  hauteur  initiale  du  specimen  (m/m)  est  d'environ  0,22  en  Dll 
D12  LI  pour  les  vitesses  moyennes.  La  vitesse  de  deplacement  et  I'effet  du  niveau 
vertebral  sont  signif icat i f s  au  seuil  de  sAcuritA  de  0,95. 

*  Module  d'eiasticite  :  le  module  d'eiasticite  varie  en  fonction  des  vitesses 

d' application  des  forces  et  du  niveau  vertebral.  Pour  une  vitesse  d' application  moyenne 
8,89  10  3m/s  le  module  d'eiasticite  en  08,  D9,  D10  est  egal  A  120.10s  Pa  et  en  L2  L3  L4 
A  220.10s  Pa. 

3.3  -  PROPRIETES  BXOMECANIQUES  DES  LIGAMENTS  INTERVERTEBRAUX 

Quand  la  geometric  de  la  structure  A  etudier  est  aussi  perturbAe  que  celle  du  segment 
vertebral,  la  methode  d'etude  la  plus  simple  est  de  comparer  les  rAsullats  obtenus  en 
presence  et  en  l'absence  du  composant  dont  on  desire  connaltre  le  compcrtement 
biomAcanique.  C'est  la  raison  pour  laquelle  NACHEMS0N,  BERKS0N  et  SCHUITZ  1979  (46) 
font  les  experiences  identiquea  A  celles  rapportAes  prAcAdemment ,  mais  cette  fois-ci 
les  arcs  postArieurs  des  deux  elements  de  1'unitA  vertebrate  sont  intacts.  II  convient 
done  de  comparer  les  donnAes  rapportAes  ici  A  celles  obtenues  uniquemert  en  presence 
des  corps  vertAbraux  en  se  souvenant  qu'il  s'agit  d' etudes  rAalisAes  sur  des  piAces 
anatomiques  composAes  d'au  moins  un  segment  vertebral  (un  disque  et  les  deux  vertAbres 
adjacentes) . 

Notons  cependant,  que  les  courbes  force-dd formation  rendent  compte  des  propriAtAs 
physiques  du  ligament  en  tent  que  structure  quand  les  experiences  sont  conduites  sur 
des  ligaments  Intacts.  La  charge  de  rupture  s' exprime  en  newton.  Lorsque  les 
experiences  sont  conduites  sur  deB  Achantillons  de  teille  standard  prAlevAs  sur  un 
ligament,  les  donnAes  recueillies  ne  rendent  plus  compte  des  caractAristiquea  de  la 
structure  elle-mAme,  male  du  matAriau  conatitutlf  du  ligament.  Lea  courbes  force- 
dAformation  sont  remplacAes  par  des  courbes  oontrainte-dAf ormation  et  les  grandeurs  de 
rupture  sont  homogAnes  A  une  pression  (N/m2  ). 

-  Etude  de  la  flexibilitA 

Mouvements  principaux  rAsultant  de  1 ' application  de  moments  de  flexion  ou  de 
torsion  (AlAmente  postArieurs  intacts). 
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MOMENTS 


VALEURS  EN  DEGRES 

4 

,7 

Nm 

10 

,6 

Nm 

FLEXION 

5,13 

1,86 

5,51 

± 

1 

EXTENSION 

2,12 

± 

0,98 

2,99 

+ 

1,02 

FLEXION  LAT.  DR0ITE 

4,47 

+ 

1,63 

5,64 

± 

1,22 

FLEXION  LAT.  GAUCHE 

4,32 

± 

1,47 

4,90 

± 

0,79 

TORSION 

0,69 

± 

0,33 

1,50 

± 

0,67 

TABLEAU  4 

s  (valeura 

en 

degrls) 

-  Pression  intradiscale 

Influence  d'un  mouveaent  de  flexion  ou  de  torsion 

Elevation  de  pression  intranucllaire  sous  l'effet  de  1 ' appl ication  de  moments  de 
flexion  ou  de  torsion  (Ailments  postlrieurs  intacts  -  pression  initials  262  KPs  sous 
400  N). 


MOMENTS 


MOUVEMENTS 

4,7  Nm 

10,6  Nm 

FLEXION 

95 

±  71 

267  ±  122 

EXTENSION 

52 

±  108 

49  ±  202 

FLEXION  LAT.  DROITE 

121 

±  116 

289  ±  140 

FLEXION  LAT.  GAUCHE 

126 

±  82 

256  ±  134 

TORSION 

13 

±  22 

32  ±  37 

TABLEAU  5  i  (valeur  en  KPa) 


-  Influence  d'une  force  de  compression  ou  de  cisaillement 


Variation  de  la  pression  intradiscale  en  rlponse  aux  charges  de  compression  et  de 
cisaillement  (Ailments  postlrieurs  intacts  -  pression  intradiscale  sous  charge  109  143 
KPa). 


PRESSION  INTRADISCALE  SOUS  CHARGE  86  N  145  N  400  N 


COMPRESSION 

CISAILLEMENT  POSTERIEUR 
CISAILLEMENT  ANTERIEUR 
CISAILLEMENT  LATERAL  DROIT 


51 

86 

-6 

±  62 

10  ± 

10 

±  19 

38  ± 

19 

±  26 

45  ± 

251  ±  75 
85 
55 
40 


TABLEAU  6  >  (Valeur  en  KPa) 


-  Etude  des  mouvements  de  couplage 


L'Atude  des  mouvements  de  couplage  (translation,  rotation)  eat  rlalisle  sous 
l'effet  d'un  moment  de  10,6  Nm  (Ailments  poatlrieurs  intacts). 


TRANSLATION  (cm)  ROTATION  (degrls) 


GAUCHE 

POST. 

SUP. 

FLEXION 

INFL.  LAT.  G. 

TORSION 

FLEXION 

0,01 

-0,17 

0,02 

5,5 

-0,4 

0,4 

EXTENSION 

0,02 

-0,08 

-0,04 

-2,9 

0,3 

0,0 

INFL.  LAT.  DR. 

-0,21 

0,08 

-0,01 

0,9 

-5,9 

0,2 

INFL.  LAT.  G. 

0,14 

-0,05 

-0,04 

0,0 

4,9 

-0,1 

TORSION 

0,00 

0,01 

0,00 

0,2 

0,0 

-1,4 

TABLEAU  7 


-  Etude  en  compression  et  cisaillement 

Mouvements  principaux  moyens  en  rlponae  aux  chergea  de  compression  et  de  cisaillement 
(Ailments  poatlrieurs  Intacta). 


DEPLACEMENT  en  cm 


66  N 


CHARGE 
145  N 


400  N 


COMPRESSION 
CISAILLEMENT  POST. 
CISAILLEMENT  ANT. 
CISAILLEMENT  LAT.  DR. 


0,011 

0,059  ±  0,029 

0,060  ±  0,024 
0,067  t  0,048 


0,018  0,051  ±  0,024 

0,085  ±  0,082 

0,121  t  0,038 
0,100  ±  0,039 


TABLEAU  8 


8-11 


La  coaparaison  de  cea  donnbes  &  celles  obtenues  an  1 'absence  d'blbments  poatbrieurs 
montre  qua  s 

a)  1 1  Elimination  de  l'arc  vertebral  provoque  un  accroisaement  approximetif  de 
l'amplitude  de8  mouvementa  de  70  4  150  X  soua  l'effet  d'une  charge  de  4,7  Nm 

b)  Sana  charge  initiale,  lea  blbments  segmentairea  possbdent  une  presalon 
intranuclbaire  moyenne  de  109  KPa  (blbments  poatbrieurs  intacts),  de  76  KPa  (blbments 
poatbrieurs  exciabs), 

c)  l'blbvation  de  la  presslon  intradiscale  sous  1* influence  d'un  moment  de  torsion  ou 
de  flexion  est  4  peu  prbs  constante  en  cas  de  disparition  des  blbments  postbrieura. 

Ceci  es t  vrai  en  extension  et  en  torsion  ou  ces  mouvementa  provoquent  une 
multiplicatioi  par  deux  ou  trois  de  la  presslon  initiale  (sous  charge  de  400  N), 

d)  l'excision  des  blbments  poatbrieurs  n'a  pratiquement  pas  d'effet  sur  les  rbsultats 
de  1* application  de  charge  en  compression,  mais  augmente  la  valeur  des  cisai llements  de 
10  4  60  X. 

A  1' issue  de  cette  revue  de  la  mbcanique  statique,  des  considerations  gbnbrales 
relatives  au  comportement  non  pas  statique,  mais  dynamique  de  la  structure  vertbbrale 
peuvent  btre  formulbes.  Des  appreciations  sur  lea  parambtres  4  mesurer  et  par 
consequent  sur  les  capteurs  4  utiliser  peuvent  btre  envisagbes. 

II  se  dbgage  des  observations  qui  viennent  d'etre  rapportbes,  l'idbe  que  la 
resistance  de  l'os  et  des  ligaments  varie  avec  la  vitesee  d ' appl ice t ion  des  forces, 
ainsi  : 

-  les  deformations  lentes  entralnent  prefbrentiellement  dea  ruptures  osseusea  plutbt 
que  des  dbchirures  ligamentaires, 

-  inversement,  les  deformations  rapidea  provoquent  prb fb rentiel lement  des  ruptures 
ligamentaires.  (La  resistance  de  l'os  augmente  relativement  plus  vite  que  celle  du 
ligament  quand  la  vitesse  d' application  des  forces  augmente), 

-  1 ' immobilisation  affaiblit  la  resistance  osseuse  beaucoup  plus  vite  que  la 
resistance  ligamentaire, 

-  si  la  rupture  survient  toujours  au  point  le  plus  faible,  celui-ci  se  trouve  au 
niveau  des  plateaux  cartilagineux  chez  1 ' adolescent,  sur  la  portion  postbrieure  de 
l'anneau  chez  l'adulte. 

Toua  ces  faits  sont  bien  vbrifibs  par  les  donnbes  cliniques  de  la  pathologie 
vertebrate. 

Cette  btude  bibliographique  montre  t 

-  d'une  part,  que  peu  d' experiences  ont  btb  rballsbes  in  vivo  en  regime  vibratoire 
(en  matibre  de  caractbrisation  d'unitb  vertebrate), 

-  d' autre  part,  que  le  comportement  dynamique  du  dlaque  est  non  linbaire. 

Par  consequent  t 

-  Pour  travailler  in  vivo,  il  faut  choisir  un  modble  animal. 

-  Pour  caractbriaer  l'unitb  vertebrate,  11  faut  btudier  les  trsnsmissibilitbs  en 
fonction  des  frequences  ;  done  falre  l'btude  de  la  fonction  de  transfect. 

-  Pour  btudier  une  fonction  de  transfert,  il  est  indispensable  de  travailler  en 
rbglme  linbaire,  done  en  dbplacements  faibles  (approximation  de  Liapounov). 

-  Pour  rballser  ce  type  d' acquisition ,  le  cholx  de  capteurs  de  force,  de  pression,  de 
dbplacement,  ou  d' acceleration  doit  btre  fait  en  fonction  de  considerations  qui  ne  sont 
pas  uniquement  technologiques  mais  bgalement  anatomiques  et  mbthodologiques. 

La  force  :  e'est  une  grandeur  qui  s'btudie  en  sbrie  dans  un  systbme.  S'il  n'est  pas 
envisageable  de  mettre  un  capteur  de  force  dans  le  disque,  il  n'est  pas  exclu  de  le 
placer  sur  un  muscle.  N0GUES  C.  1967  (27),  mesure  la  force  ventriculaire  cardiaque  4 
1 'aide  de  jauges  de  contraintes.  Cette  technique  se  heurte  4  des  difficultbs  majeurea 
d'btalonnage  ;  mise  en  tension  initiale  de  la  jauge,  determination  purement  subjective 
d'un  repos  musculaire,  rbsultats  fonction  de  la  quantitb  de  faisceaux  musculaires 
interessbs,  etc... 

La  pression  >  l'obtention  de  la  pression  intranuclbaire  nbcessite  1 ' implantation  du 
capteur  dans  le  disque.  Cette  mesure,  comma  celle  des  forces  ne  permet  pas  d'obtenir  la 
fonction  de  transfert  dbairbe. 

Les  dbplacements  i  l'obtention  de  l'blongation  du  disque  intervertebral  nbcessite  un 
montage  en  pont  avec  fixation  sur  deux  vertbbres  adjacentes.  Des  considerations 
intbressant  le  rapport  signal/brult  font  rejeter  1 ' util  last  ion  d'un  tel  capteur  (petits 
dbplacements  vibratoires  4  mesurer,  alors  que  le  capteur  dolt  possbder  impbrativement 
une  grande  dynamique  de  mesure  en  raison  des  grands  dbbattements  provoquba  par  les 
mouvementa  flexion-extension  de  l'animal). 

L ' acceleration  s  l'btude  de  celle-ci  est  intbressante  |  variant  comme  le  carrb  de  la 
frequence  elle  peut  atteindre  des  valeurs  convenables  mbme  pour  des  dbplacements 
faibles.  Lea  accblbrombtres  peuvent  s'implanter  seuls  sur  les  vertbbres,  par  consbquent 
ila  dblivrent  des  tensions  blectriques  reprbsentatives  de  signaux  d'entrbe  et  de  sortie 
nbcesaairea  4  la  dbtermination  de  la  fonction  de  transfert  des  organes  intervertbbraux 
anatomiquement  intacts. 

4  -  BIOHECAHIQUE  VERTEBRALE  i  DYNAMIQUE 

Ces  btudes  sont  ou  ont  ete  menbes  au  Centre  de  Recherches  de  Mbdecine  Abronautique  4 
Paris  (QUANDIEU  et  Coll.  (34),  PELLIEUX  et  Coll.  (32))  et  dans  la  division  de 
biodynamique  et  de  bioenginierl*  du  laboratolre  de  recherche  de  Mbdecine  Abrospatisle 
de  l'U.S.A.f.  4  Wright-Pat terson  (cf  i  article  n®  18  du  prbsent  C.P.). 

Lea  buta  pourauivis  aont  t 

1)  -  prbeiaer  lea  caractbriatiquea  physiques,  blodynamiques  intrinsbques  da  la 
colonne  |  btude  des  vitesses  de  phase,  de  groups... 
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2)  -  Analyse  des  variations  da  ces  vltessea  et  de  cea  fonctions  de  tranafert  solt  < 

*  au  cours  de  la  variation  de  rigiditd  musculaire  (hypothAae  de  la  masse 
dynamique) 

*  lors  des  alterations  de  la  structure  elle-mtme. 

.  ablation  du  nucleus  pulposus  chez  l'anlmal  aigu 

.  ablation  des  apophyses  articulaires  chez  l'anlmal  aigu  et  l'anlmal  chroni- 
quement  bioinstrumentd. 

A  l'heure  actuelle  -  mftme  si  les  rdaultats  ne  sont  que  parcellaires  -  l'ensemble  du 
programme  a  dtd  rdalisd,  selon  un  protocols  qui  obdit  A  trols  conslddrationa 
f ondamen t a  1 es  i  phy s io log iques ,  physiques  et  statiatlques.  Elies  ont  conduit  A 
1 'dtabl issement  de  protocoles  d'analyses  de  donndes  relativement  figds  au  plan 
experimental  mats  qui  restent  toutefois  suffisamment  souples  pour  prendre  en  compte 
toutes  les  nouvelles  acquisitions. 

La  technique  (ddcrite  par  allleurs  (37))  consiste  A  recueilllr  les  signaux  ddlivrds 
par  dea  accdldromAtres  miniatures  implantds  aur  la  colonne  vertdbrele  de  primates 
soumis  A  des  vibrations  (figure  6). 


Figure  6  :  Hdthode  d' enregistrement  des  vibrations  des  vertAbres  chez  l'animal 
vivant,  par  1 'implantation  d' accdldromAtres  miniatures. 


Les  signaux  peuvent  Stre  traitds  dans  le  djmaine  temporel  ou  dans  le  domaine  des 
frequences  (figures  7  et  8). 

Les  donndes  obtenues  permettent  d'dnoncer  synthd t iquement  que  les  unitds  vertdbrales 
se  conduiaent  au  plan  dynamique  comme  i 

1)  -  dee  filtrea  passe-baa 

L'emplol  de  deux  mdthodes  de  bioinstrumentation,  l'une  aigue,  l'autre  chronique 
permet  d'dtudier  t 

-  d'une  part  les  caractdrlstiques  dynamiques  des  dldments  fondamentaux  de  la  colonne  - 
os  ligaments  -  en  auivant  le  devenlr  de  la  propagation  d'une  onde  de  vibration  transi- 
toire  consdcutlve  A  1' application  d'un  choc  sur  le  sacrum, 

-  d'eutre  part,  le  comportement  global  de  la  structure  elle-mdme,  loraqu'elle  eat 
aoumlae  A  une  vibration  forcde. 

De  l'dtude  pratiqude  en  rdgime  impulsionnel  il  ressort  que  > 

2)  -  lea  diffdrenta  matdriaux  ostdol igamentai res  de  la  colonne  vertdbrele  sont 
dispersifs  vis-A-via  de  l'dnergie  mdcanique, 

3)  -  ce  que  prouve  la  variation  de  la  vitesse  de  phase  en  fonctlon  de  la  frdquence 

A)  -  la  vitesse  du  signal  est  falble  dAs  que  1 ' onde  a  franchi  la  barriAre 

lomboaacrde, 

5)  -  pour  une  faible  quantitd  d'dnergle  initials,  11  n'exlste  pas  d'onde  rdfldchie 
aur  la  charniAre  atloldo-occipitale  de  1'onde  incidents  crdde  par  l'impulsion  appliqude 
sur  le  sacrum  qui  "redeecende”  Juaqu'au  niveau  de  la  colonne  lombeire. 

Oe  l'dtude  pratiqude  en  rdgime  forcd  il  ressort  que  s 

6)  -  1 ' articulation  lombosacrde  est  une  zone  dynamlquement  privlldglde  en  ce  qu'elle 
prdsente  dea  possibilitds  d'amplif icatlon  lmportante  des  vibrations  entre  10  et  13  Hz, 


8- 


7)  -  les  unites  vertbbrales  lombaires  baaaea  se  caractbrisent  par  une  bonne  capacity 
d1 amort issement  tandis  que 

8)  -  1 © 8  unites  lombaires  sua-jacentes  se  caractbriaent  par  la  poaaibillte  de 
rbduire  &  cheque  niveau  la  largeur  de  la  bande  de  frequence  transmise. 


J  jWWV\WvVvWva. 


.  famf+rm u  <  Xv>  •4*»‘  ^ 


Figures  7  et  8  s  Exemples  de  rbponse  vibratoire  (b  gauche)  de  la  colonne  vertebrate 
d'un  animal  bioinstrumente  selon  la  mdthode  indiqube  figure  6  et  assis  sur 
une  table  vibrante  (signal  du  bas).  De  haut  en  bas  on  lit  les  rdponses  de  L7  - 
L6  -  15  -  L4.  A  droite  i  exemple  d'analyse  obtenue  sur  une  unite  vertbbrale 
d'un  animal  3oumis  b  une  vibration  albatoire  dans  une  bande  de  frequence 
sitube  entre  0  et  100  Hz  (lire  de  ba3  en  haut  :  le  module  et  la  phase  de  la 
Fonction  de  transfert,  en  haut  la  valeur  de  la  fonction  de  coherence). 


Sur  ces  caractdristiques  de  base,  il  apparait  que  i 

9)  -  la  relaxation  musculalre  diminue  le  pouvoir  d ' amort issement  de  la  charnibre 
lomboaacrbe  et 

10)  -  la  contraction  muaculaire  deplace  les  phdnombnes  de  resonance  vers  les  plus 
basses  frequences. 

Lea  alterations  anatomiques  de  la  structure  entrainent  ainsi  qu'il  est  normal,  des 
alterations  des  proprietds  mbcaniques. 

L 'ablation  des  nucleus  pulposus  provoque  s 
*  au  niveau  de  la  charnibre  lombosacree  i 

11)  -  un  deplacement  des  phenombnes  de  resonance  vers  les  plus  hautes  frequences, 

12)  •  une  eugmentation  importante  des  modules  des  fonctions  de  transfert  b  la 
resonance, 

13)  -  une  diminution  importante  des  possibilites  d' amort issement  dans  la  bande  40-80 
Hz, 


*  sur  l'ensemble  de  la  colonne  lombaire  i 

14)  -  une  augmentation  importante  de  la  distorsion  non  linealre. 

L'ablatlon  des  facettes  articulaires  provoque  sous  les  reserves  qui  seront 
expllcitees  dans  l'article  n°  15, 

15)  -  une  diminution  globale  et  harmonieuse  du  pouvoir  amortisseur  des  unites 
vertebrates. 

16)  -  une  amplif lcatldn  substan t ie 1 le  des  phbnombnes  de  resonance,  mats  semble-t-il 
sans  glissement  vers  la  droite  de  ces  phbnombnes. 

Ainsi,  par  analogle,  de  la  mbme  fagon  qu'un  ouvrage  d'art  est  congu  en  fonction  des 
caractbrlstlques  propres  de  sea  matbrlaux  conatitutlfs  destinbs,  selon  leur  agencement, 
b  construlre  cet  ouvrage  en  respectant  un  cahier  des  charges  prbbtabll,  11  est 
nbcessaire  de  poursuivre  la  caractbrisation  des  possiblitbs  mbcanlques  dynamlques  de  la 


T 
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poOtre  maltresse  de  la  charpente  corporelle  humaine  pour  : 

-  determiner  lea  caractdrlstiques  dynamiques  des  matdrieux  const! tut  if a t 

-  determiner  la  comportement  dynamique  global  du  systems. 

Comment  faire  ? 

line  vertdbre  ne  peut  dtre  Isolde  du  rachis  comma  une  barre  d'acier  peut  l'fttre  d'un 
pont  ou  d'un  bStiment  pour  dtre  dtudide  en  laboratoire  d'essai  I 

Toutefoia,  1 ' ex t  rftme  largeur  de  la  bande  de  frequence  utiliade  a  permis  de  montrer 
qu'en  t r fee  haute  frequence  (en  impulsion)  on  se  trouve  dans  le  domains  de  1 ' sppl ics tion 
de  l'acoustique  qui  etudie  le  type  privildgid  d' oscillation  propagde,  flexion, 
compression,  etc...  en  fonction  de  1 ' homogdndl te,  de  la  geometric,  de  la 
viscoeiasticite . . .  du  matdriau. 

Avec  le8  trds  basses  frequences  et  en  regime  force  c'est  la  rdponse  globale  de  1'axe 
vertebromusculai re  qui  est  analyses.  On  peut  done  parler  de  deux  bandes  de  frequences 
d'intdrSt  "anatomohistologique"  et  "ergonomique" . 

Les  ondes  des  hautes  frequences  (supdrieure  A  1000  Hz)  dont  nous  savons  maintenant 
qu'elles  se  propagent  dans  l’axe  vertebral  (PELLIEUX  (32))  aont  d'intdrdt 
"anatomohistologique"  si  l'on  veut  bien  considdrer  qu'une  oscillation  A  4000  Hz 
prdsente  -  en  fonction  de  sa  vitesse  de  propagation  -  une  demi  longueur  d'onde 
approxima t i vement  dgale  4  la  hauteur  d'une  vertfebre.  D&s  lors  il  faudra  bien  un  jnur 
a'intdresser  4  l'effet  qu'une  telle  oscillation  peut  avoir,  en  son  ventre,  au  niveau 
des  cellules  cartilagineuses  et  des  plateaux  vertdbraux  ou  de  la  vascularisation  4 
l'interface  des  disquea  et  de  l'os  corporeal  ;  bref  I  de  1' importance  de  ces  frequences 
sur  la  gdnfese  des  processus  ostdophy t iques  et  apondylarthrosiques. 


x(t) 

y(t) 


Figure  9  :  Traitement  effectud  sur  les  signaux  des  accd Id romAtres  implantds  aur  la 

colonne  vertdbrale.  Conditions  d' ut i 1 isati on  de  la  transformde  de  FOURIER 
sur  un  temps  fini  et  conditions  d'exist ence  d'un  opdrateur  de  convolution. 

Ces  considerations  ne  prdjugent  en  rien  du  comportement  de  la  structure  globale 
soumlse  4  de  tr4s  basses  frequences.  Celles-ci  sont  dvidemment  d'intdrdt  ergonomique 
puisqu'elles  sont  rencontrdea  cheque  jour  en  milieu  civil,  dans  les  conditions 
d ' util l8at ion  des  moyens  technologiques  modernes,  industrials,  vdhicules  de  transport, 
engins  de  chantiers  et  lors  de  1 ' utilisation  d'adronefs  4  voilure  tournente,  avions 
d'armes,  engins  blindds,  etc...  en  pratique  militaire. 

Apr4a  l'dtude  de  la  statique  et  resistance  des  matdrisux,  de  la  la  dynamique,  il 
rests  4  aborder  l'dtude  de  la  gdomdtrie  du  mouvement  c ' est-4-dire,  en  langage 
mdcanique,  de  la  cindmatique,  Il  ne  saurait  dtre  question  de  citer  ici  les  nombreux 
auteura  qui  se  sont  intdressds  aux  mouvements  de  la  colonne  abstraction  faite  des 
forces  qui  les  produiaent.  Nous  ne  rapporterona ,  en  raison  de  sa  haute  valeur  d'exemple 
mdthodologique  qu'une  seule  dtude  concernant  les  centres  instantands  de  rotation. 


IV  -  EXEHPLE  P1 ANALYSE  CINEHATIQUE  t 

RECHERCHE  0E  LA  PRECISION  0PTIHALE  DANS  L 'ETUDE  DE  LA  CINEMATIQUE  DES  ARTICULATIONS 
VERTEBRALES  i  ETUDE  RADIOGRAPHIQUE  (DINNET  0.,  -  1980)  (8) 

Il  exlste  une  contradiction  entre  le  caractAre  contlnu  des  mouvements  articulaires  de 
la  colonne  vertdbrale  et  la  flxitd  indispensab'e  4  l'obtention  des  radiographies. 

Si  les  documents  radiographiques  sont  obtenua  au  cours  d'un  mouvement  (inflexion 
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laterals  par  example),  il  convient  de  determiner  des  paramdtres  gdomd t ri ques ,  autres 
que  dea  points,  dont  l'analyae  optimale  dea  deplacements  permet  l'dtude  prdcise  de  la 
cindmatique  vertebrate. 

Habituellement  s 

-  l'operateur  identifie  plusieurs  details  panctuela  puis  mesure  le  vecteur 
deplacement  de  chacun  de  ces  points, 

-  pour  reconstituer  la  cindmatique  du  deplacement  articulaire  entre  deux  cliches,  lea 
relations  utilisdes  sont  celles  de  la  cindmatique  continue.  Elle  implique  que  tous  lea 
vecteurs  ddplacements  soient  A  priori  considdrds  comme  infiniment  petits, 

-  les  rdsultats  donnda  sont  souvent  ddlivrds  sans  marge  d' incertitude. 

L 'auteur  propose  : 

-  de  determiner  dea  paramdtres  autres  que  dea  points  qui  ddlivrent  dea  rdsultats  avec 
une  dispersion  la  plus  faible  possible, 

-  de  considdrer  comme  finis  les  ddplacements  des  vertAbres  entre  deux  cliches, 

-  d ' accompagner  les  rdsultats  d'une  marge  d* incertitude. 

1  -  PARAMETRE  GEOMETRIQUES 


Les  radiographies  sont  placdes  sur  une  tablette  6  digitaliser,  relide  A  un 
microordinateur  POP  11/05.  AprAs  la  saisie  des  donndes  et  leur  enregis t rement ,  les 
valeurs  sont  soumises  A  divers  traitements. 

La  cindmatique  ddfinie  ul tdrieurement  prend  en  compte  les 
glisseurs  unitaires  de  ces  directions. 

Quelle  est  1 ' Incertitude  affectde  d  un  axe  naturel  ddfini 
par  les  coordonndes  du  bipoint  AB  ? 


Pour  cheque  bipoint  A  B  les  coordonndes 
est  calculd  par  1 1 intermddiaire  de  sa 
tangente  y. 


>2 


sont  enregistrdes , 


t  y. 
g  i 


^Bi  ~  ^Ai 
xBi  '  xAi 


La  max 


Pour  les  N  mesures  de  bipoint3  il  est  possible 
de  ddfinir 

-  une  matrice  d 1  incertitude  pour  A, 

-  une  matrice  d ' incerti tude  pour  B, 

-  une  incertitude  angulaire  At 


a y  =\/r;_,  m 

2  -  LA  CINEMATiqUE  DES  DEPLACEMENTS  FINIS  DE  SOLIDES  CONNUS  PAR  LEURS  AXES  NATURELS 


Quels  sont  les  elements  cindmatiques  caractdristiques  des  ddplacements  entre  deux 
cliches  succeasifs  ? 


a)  Ddplacement  spatial 

Le  ddplacement  de  la  vertfebre  de  la  position  1  d  la  position  2  est  ddfini  comme  un 
ddplacement  hdlicoldal  dont  la  position  de  l'axe  est  variable  en  fonction  du  temps. 

Le3  dldments  cindmatiques  caractdristiques  d'un  tel  mouvement  sont  : 

-  l'axe  de  vissage  Z, 

-  la  rotation 

-  le  glisaement  p. 


L'auteur  propose  de  ne  pas  fairs  intervenir  un  ddplacement  de  points,  qui  prdsente  une 
trop  grande  incertitude,  mais  d'dtudier  le  ddplacement  des  axes  naturels  connus  avec 
une  plus  grande  prdciaion. 


b)  Ddplacement  plan 


L'auteur  lui  accords  une  plus  grande  importance 
car  il  ne  ndcessite  qu'une  seule  sdrie  de 
clichda,  au  contraire  des  ddplacements  spatlaux 
qui  exigent  une  reconstitution  des  formes  dans 
l'espace  A  partir  de  deux  sdries  de  clichds. 

Dans  le  plan,  le  vissage  est  ddgdndrd  en  une 
rotation. 

De  plus,  le  seul  ddplacement  relatif  de  Va/\®  est 
digne  d'lntdrdt.  Mels  11  peut  6tre  obtenu  avec 
une  grande  prdcision  et  dtudid  par  l'intermd- 

dlaire  dee  ddpfacements  absolus. 

VA/  repAre  fixe. 

Vjj/  repAre  ffte. 

Dens  le  css  des  ddplacements  finis  et  des  ddpla¬ 
cements  infiniment  petits,  il  convient  de 
ddtermlner  le  ddplecement  angulaire  Ay  et  la 
position  du  centre  de  rotation. 
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Sur  un  corps  vertebral,  un  rdfdrentiel  est  ddtermind  par  l'axe  Xy  tangent  au  bo.'d 
infdrieur  des  pddicules  et  Y  v  orthogonal  au  premier  en  0. 
le  displacement  angulaire  u* =  At  eat  tel  que  s 

-*  *«,  (u?  +  u<)  A(ul-ul) 

1  tg  t  -nrt+4)  (For™1e  de  Rodrigues) 

dans  lequel  : 


Z  vecteur  unitaire  de  l’axe  orthogonal  au  plan  de  la  radio. 


au  temps  tj 
au  temps 


Dans  le  cas  des  ddplacements  infiniment  petits,  il  vient  cone  ddplacement  angulaire. 

j—  u  :  vecteur  unitaire 

2  d  V  =  du  :  vecteur  ddplacement 

u*u  df  :  rotation  infinitdsimale 


La  position  du  centre  de  rotation  I  est  connue  en  appliquant  la  formula  de  Rodrigues 
au  ddplacement  de  direction  u,  ?  tq  lij  ,  +  u^ ,  v  2de  centre  0  tq  0j  ■*  O2  . 


01  = 


tg  T 

2 


J  A(mu2  -  niUj)  A  (V2  -  Vj)  +  (u2  -  u^)  A  (my^  -  mv^) 
(u~  -  u^).(v^  +  Tj) 


I  :  intersection  des  bissectrices  extdrieures 
de  I  et  K 

rnu^  =  001  A  u, 

=  00 2  A  u^ 
mvj  =  001  A 
mv^  =  OO2  AT 

Dans  le  cas  des  ddplacements  infiniment  petits, 
la  mSme  construction  gdomdtrique  peut-6tre 
util  isde 


U2  -  =  du 


I  est  localise  A  la  fois  sur  les  perpendicu 1  a i res  A  du  et  dv*  tracdes  par  K  et  I 
respect ivement. 


3  -  OBTENTION  DES  CENTRES  DE  ROTATION  RELATIES  (PARAMETRES  DES  MOUVEMENTS  RELATIFS 
D’UNE  VERTEBRE  PAR  RAPPORT  A  L 1  AUTRE 

Habituellement  les  calculs  de 3  ddplacements  finis  relatifs  de  B/A  ( respect ivement 
A/B)  utilisent  lea  positions  relatives  de  B  par  rapport  A  A  par  1 ’ intermddiai re  de 
coordonndes  de  points. 

Hals  cette  mdthode  comports  une  grande  part  d' Imprecision  sur  B  et  sur  A. 

L’suteur  prdfAre  obtenir  dlrectement  les  grandeurs  cindmatiques  relatives  A  l’aide 
des  valeurs  des  paramAtres  cindmatiques  absolus  (mouvement  de  B  et  de  A  rapportds  su 
rdfdrentiel  fixe  3  celui  de  la  tablette  A  digltaliser.  (Justification  :  ThAse  Dr  As 
Sciences  DIMVET,  1978) 

a)  Ddterminatlon  de  l'elllpae  d ' incer t i tude  concernant  la  localisation  d'un  point 


yM  =  E1=1  xi 


Pour  un  mdme  point,  N  relevds  sont  effectudB. 
On  ddfinit  alors  1 


Le  Berycentre  M  des  N  points. 


V  -  1  rn  V 

XM  '  R  L1=1  X1 


E  = 


xy 


xy 


.  La  metrics  d' Incertitude  E 
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dont  les  coefficients  Ex,  Ey,  E Xy  sent  issue  de  Is  mAthode  des  noindres  carrAs. 

Ex  =  i  ZU  (vxm)2  Ey  ■  A  ^iJ^rV2  Exy  s  v  E"=i 

Pour  une  direction  d'un  vecteur  unitsire  TT  =  ^ cos  ¥  sin  ¥ }  1 ' incertitude  A  u  est 


donnAe  per  s 


(;x;|  “  ■  ,pTn 

|cos¥,  sin¥| 

Ex 

E 

Exy 

E 

|  cos¥ ) 

(  sin¥J 

ixy 

y 

. 

'i 


Pour  les  directions  de  x,  y  les  imprAcislons  sont  A x  Ay. 


to  -  Jp*0>}  [El(o)  **  -  ^  [El(?| 

Ainsi,  A  la  lecture  d’un  mime  point,  il  est  possible  d'essocier 
une  ellipse  d' incertitude  dont  les  exes  sont  sur  la  direction  des 
vecteurs  propres  associAs  aux  valeura  propres  de  la  metrics  et 
dont  le  centre  est  le  point  moyen. 

Le  nombre  N  de  lectures  est  celui  qui  minimise  la  surface  de 
cette  ellipse  d' incertitude.  Des  essais  systAmatiques  ont 
montrA  que  20  <  N  <  30. 


b)  Incertitude  relative  A  la  position  d'un  axe  naturel 

Alors  que  sur  un  os,  il  n'existe  pas  de  points  gAomAtriques  identif tables,  il  est 
passible  de  demender  A  un  obeerveteur  de  dAfinlr  l'exe  d'un  os  ou  de  prAciser  une 
direction  neturelle  t  e'est  ainsi  que  les  mesures  angulaires  les  plus  prAcises  sur  la 
colonne  vertAbrale  utilisent  les  directions  des  plateaux  vertAbraux.  L 'auteur  a 
systAmatiquement  eu  recours  A  des  directions  qui  sont  acqulses  par  des  bipoints. 


La  construction  du  centre  de  rotation  relatif  est  donnAe  sur  la  figure  ci-dessous  > 


lt>  <f> 


centre  de  rotation  absolu  de  A 

:  centre  de  rotation  absolu  de  B 

t  centre  de  rotation  relatif  A/B 

B  :  dAplacenent  angulaire  de  A  et  B 
par  rapport  au  solids  fixe 

.  :  dAplacenent  relatif  de  B/A  par 
rapport  A  A  supposA  fixe 


V, 


Notons  que  les  trois  centres  de  rotation  Ift ,  Ig 
et  3  ne  sont  pas  colinAaires  (contrairenent  au 
css  des  dAplacenents  infiniment  petits). 

Ayant  ainsi  dAfini  des  persmAtres  sutres  que 
ceux  gAnAralenent  reconnus  sur  une  radio, 
l'suteur  ae  propose  de  dAterniner  1' incertitude 
liAe  A  la  prAcialon  des  centres  de  rotation. 

L ' imprAcision  sur  la  position  de  l'origlne  est 
nAgligAe  (intersection  de  deux  axes  naturals). 
Il  exlste  une  inprAcision  sur  la  position 
engulalre  des  vecteurs  de  la  base  uf  ,  U2  V2, 
solt  une  amplitude  angulaire  ¥+A¥ 

Au  temps  tj  t  3  possibilltAs  >  ¥p  A¥^,¥^,  ¥^+A¥^ 
Au  temps  t2  t  3  possibilltAs  »  ¥2-  A¥2  ¥2>  ¥2  +  A¥2 


Il  exists  done  une  nuAe  de  9  centres  de  rotation  I,  possibles.  Il  est  alors  possible 
de  dAfinir  la  position  moyenne  du  centre  (berycentre  des  neuf  centres)  et  un  cercle  de 
dispersion  Aquivalent  A  la  nuAe  des  centres. 


Les  combinaisons  possibles  de  9  centres  absolus  conduit  A  81  centres  relatlfs  sur 
lesquels  on  dAternine  de  nouveau  1 ' incertitude. 

Finalement  l'suteur  propose  Is  nAthode  d' analyse  solvents  t 

1)  -  n'Atudler  que  las  dAplscemente  plana  (gain  sur  le  nonbre  de  radiographles  et 
diminution  da  1' irradiation  daa  aujats  soumls  A  l'examan), 

2)  -  cholslr  la  poaltlon  daa  vactaurs  da  basa  asslgnAs  A  chaqua  os  an  fonctlon  de  ses 
propriAtAs  anstoalquas, 

3)  -  calculer  las  cantraa  da  rotation  absolus  et  ralatifs  pour  chaqua  couple  d'os  at 
pour  chaqua  dAplacamant  AlAmantslra, 

4}  -  dAtarminar  la  nombra  da  radiographles  nAcassairas  et  optimlaar  an  fonctlon  des 
donnAaa  obtanuaa  aur  lea  carclaa  da  dispersion. 

V-PEBSPECTIVES 


La  connaiaaanca  da  donnAaa  fondamantales  concernant  la  mAcaniqua  vertAbrale  est 
indiapansabla  A  la  pourauita  des  travaux  salon  deux  directions  nsturallea  i  le 
dAvaloppsmant  da  modAlas  et  l'axplorstlon  de  la  fonctlon  dynamlque  de  la  colonne 
vertAbrale. 
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l«  ddveloppenent  d'un  noddle  n'est  licite  que  si  1'on  posabde  uni  idde  extrdnenent 
precise  de  l'utiliaation  qui  an  sera  falte  t  "It  is  unrealistic  and  counterproductive 
to  hope  for  one  "final"  nodal  to  answer  all  practical  questions".  C'est  en  ces  ternea 
que  s'explique  H.E.  von  GIERKE  dans  son  rapport  devaluation  technique  en  1978  b  propoe 
des  noddies  et  analogues  utlliade  pour  l'dtude  de  la  rdponse  dynanique  hunalne  (AGARD 
CP  293).  L'auteur  souligne  en  troia  points  qu’un  certain  nonbre  de  conditions  doivent 
toujours  dtre  reapectdea. 

1)  -  II  eat  ndcessaire  que. la  rdponae  du  noddle  aoit  cohdrente,  d'une  part  avec  lea 
rdsultats  d' experiences  hunaines  conduitea  jusqu'b  des  niveaux  aoua-ldaionnels  (inpact) 
et  d'autre  part  avec  lea  nesures  d'inpddance  et  de  trananisalbllitd  effectudes  aur 
1'honne  soumis  d  dea  vibrations  dans  une  bands  de  frdquence  digne  d'intdrdt. 

2)  -  L os  provisions  ( du  noddle)  en  natidre  de  ldsiona  -  tant  en  ce  qui  concerne  leur 
situation  que  leur  gravitd  -  doivent  concorder  avec  i 

*  lea  ldsiona  qui  aont  observdes  chez  lea  personnea  reacapdes  ou  ddcdddea  aprda  lea 
accidents  d'aviona  ou  d'autonobilea  (lea  circonstancea  de  l'accident  et  de  aurvenue  des 
ldsiona  dtant  finenent  analysdes), 

*  lea  rdaultata  d' experiences  (inpacta  horizontaux  et  verticaux)  effectives  aur  dea 
cadavrea  utilises  pour  conpldter  lea  donndes  prdcddentes. 

*  attribuer  aux  coefficients  du  noddle  las  veleura  apdciflques  du  natdriaux  qu'll 
caractdrise  (raldeur  ou  propridtds  dlastlques  dea  corps  vertdbraux). 

3)  -  Les  rdsultats  obtenua  en  utilleant  dea  aninaux  d' experiences  (rdaervda  aux  cas 
qui  ne  peuvent  dtre  dtudids  par  les  ndthodes  prdcddentes  -  doivent  obdir  aux  rbglea 
conmundment  adnises  concernant  le  ndcanlane  dea  ldsiona,  leur  localisation  et  leur 
gravitd . 

On  ne  peut  qu'dtre  profonddnent  d'accord  avec  lea  gdndralitds  qui  vlennent  d'etre 
dnoncdes.  Leur  application  a  fait  preuve  d'efficacitd  dans  les  dernibres  ddcenniea, 
surtout  lorsqu'ellea  s'exercent  dans  le  donalne  ndcanlqua  ou  un  signal  d'excltation  - 
choc  ou  vibration  forcde  -  provoque  dans  la  structure  (lei  le  rachla)  une  rdponse  du 
ndne  type  i.e.  une  vibration  transitolre  ou  entretenue. 

Malheureusement ,  il  eat  clair  que  la  thdorie  du  noddle  atteint  aea  Unites  qand  la 
rdponae  ddlivrde  n'est  plus  atrictenent  cells  du  systdne  dtudld,  que  de  plus  elle  n'est 
pas  quantifiable,  et  qu'enfin  elle  n'eat  pas  du  ndne  type  que  l'excltatlon  qui 
l'engendre.  Ainsl  l'exenple  du  choc  appliqud  aur  la  colonne  vartdbrale  d'un  lombalgique 
t  le  rdsultat  eat  une  douleur  |  rdponae  aenaorlelle  dninennent  variable  d'un  individu  b 
un  autre,  non  quantifiable  de  fagon  objective,  et  pour  laquelle  lea  systdnea  et 
appareils  ala  en  Jeu  ddpasaent  de  trda  loin  la  aeule  colonne  vertdbrale. 

Conment  alora  valider  un  noddle  loraque  1'indlvldu  lonbalglque  qui  ne  prdsente  aucune 
altdration  norphologlque  ou  anatonique  de  sa  colonne  ne  peut  dtre  exanlnd  que  aous 
l'angle  atatlque  ou  clndeetlque  (limitation  ou  altdration  de  position  ou  de  la 
gdondtrle  dea  nouvenenta)  ?  II  nanque  une  infornation  easentielle,  absolunent 
ndcesaalre  d  la  validation  d'un  noddle.  II  nanque  1 ' infornation  aur  la  fonction 
dvnanloue  du  rachla,  celle-lb  ndne  qui  rend  lea  nouvenenta  du  tronc  possibles  et 
harnonieux. 

En  observant  lea  variations  dea  parandtrea  mdcanlques  qui  rendent  conpte  de  la 
dynanique  du  rachla  on  ae  donnerait  la  posslbilitd  d'dtudier  aur  la  colonne  une 
grandeur  physique  de  ndne  nature  que  le  signal  d ' excitation.  Oda  lors  qu'on  accdde  d  de 
tela  parandtrea,  on  ae  trouve  ranend  d  un  probldme  classique  et  11  redevient  licite  de 
tenter  de  vellder  un  noddle  d'une  part  et  de  dbvelopper  une  exploration  fonctionnelle 
du  rachla  chez  1'honne. 

La  question  ultlee  eat  alora  i  consent  obtenir  un  parandtre  dynanique,  objectivenent 
quantifiable  aur  la  colonne  vertdbrale  7 

Lea  propositions  qui  aont  expoadea  d  la  fin  de  cet  article  ne  reldvent  encore  que 
d'hypothdsea.  Certainea  aont  vdrlfides,  d'autres  aont  en  vole  de  1'dtre  et  la 
radiographie  dclair  eera  peut  dtre  le  neilleur  noyen  de  transposer  d  1'honne  des 
ndthodes  de  surveillance  ldentiquea  d  celles  qui  aont  utilisdes  dans  1' Industrie  et 
expoadea  cl-aprds. 

L'enaenble  ostdollganento-ausculaire  de  la  colonne  et  dea  nuscles  paravertdbraux 
prdsente  des  caractdrlstiques  dynaniques  apdciflques  quand  il  est  excitd  per  un 
stinulua  ndcanlqua  i  1' identification  dea  caractdriatlques  de  l’organe  peut  dtre 
envlsagd  par  "l'analyse  de  aignature"  qui  n'est  autre  que  son  conportenent  en  frdquence 
(en  gdndrsl  le  terns  s'attache  aux  infornations  acoustiques  et  vlbratolres,  bien  qu'll 
aoit  possible  d'enviaager  l'analyse  de  la  signature  thernlque  ou  cells  relative  d  tout 
autre  parandtre  physique). 

Au  ddbut  11  eat  Indispensable  de  valider  une  signature  de  rdfdrenoe  (rachla  ssln)  d 
laquelle  seront  conpardea  lea  autrea  signatures  recueillles  an  prdaence  de  troubles 
parfaitenent  dtiquetda  l  sclatlque,  lonbalgls,  ayndronea  des  facettes,  etc...  A  une 
altdration  fonctionnelle  correspond  une  altdration  dea  frdquences.  Nous  proposona  done 
de  aurveiller  la  dynanique  vertdbrale  par  la  ndne  ndthode  d'analyse  de  aignature 
utlllade  par  les  industrlela  pour  aurveiller  lee  naohlnes  tournantea  ou  vibrantes  (CROS 
3.F.,  1979  (5)). 

Les  exenplee  donnds  aur  les  figures  11  d  13  n'ont  aucune  prdtentlon  d  1 ' exact ltude. 


Ils  n'ont  qu'une  valeur  explicative*  De  akae  que  le  achtaa  de  le  figure  10  qui 
aoddlise  troia  vertkbrea,  deux  diaque8  et  lea  ausclea  paravertebraux. 

Chaque  vertkbre  correspond  i  une  raideur  dlastique  de  valeur  dlevde,  lea  Muscles  i 
des  raideurs  de  valeurs  faibles  aontdes  en  parallkle.  Lea  disques  intervertdbraux  sont 
reprdsentda  par  dea  raideurs  et  des  aaortlaseurs  parallkles. 

La  else  en  place  d' accdldroaktres  sur  lea  corps  vertdbraux  d’un  priaete  a  bien  aontrd 
qu'il  existe  une  fonction  de  tranafert  caractdriade  par  un  Module  et  une  phase  pour 
chaque  disque  intervertebral.  On  dtudie  alnsi  le  coaporteaent  en  frequence  du  coaplexe 
intervertdbral  sollicitd  par  la  propagation  de  l'onde  vibratoire,  qu'on  appelle 
"signature"  de  l'unitd  seine. 

11  est  certain  que  cette  signature  sera  diffdrente  si  1 ' aaortisseur  discal  ne  reaplit 
plus  son  rftle  ( ddshydratation  du  nucleus  pulposus).  Different  dgalement  pour  une 
paralysie  flasque  des  auscles  paravertebraux  (disparition  de  la  raideur  parallkle),  ou 
pour  une  rigidif ication  de  la  colonne  (spondylarthrite  anky losante ) . 

La  pathologie  rhumatisaale  ou  infectieuse  aodifie  done  le  coaportement  en  frequence 
du  systkae.  Les  aouveaents  fins  de  la  colonne  etant  altdrds  bien  avant  que 
n ' apparaisaent  les  signes  radiologiques  de  la  aaladie,  "l'dtude  de  l'analyse  de 
signature"  de  1 'organa  constituerait  une  veritable  exploration  paraclinique 
f onctionnelle  de  la  colonne  vertdbrale. 


SCHEMA  D 1  UN  MONTAGE  SERI E-PAR ALLELE 
COLONNE  VERTEBRALE  ET  DES 
MUSCLES  PARAVERTEBRAUX 


FIGURE  N*  11 

REPRESENTATION  SCHEMA! IQUE  DE  LA 
REPONSE  DE  LA  COLONNE  VERTEBRALE 
(lea  disques  sont  references  de 
zbro  k  vingt-cinq). 


La  figure  11  est  une  representation 
hypothetique  en  trois  diaensions  de  la  rdponse 
de  la  colonne  vertdbrale  k  une  excitation 
sinusoldale.  En  x  les  frequences,  en  y  le 
niveau  des  disques  vertdbraux  repdrds  pour  la 
clarte  de  l'expose  de  0  k  25,  en  z  les 
aaplitudea  des  fonctions  de  transfert  de  chaque 
disque  en  fonction  de  la  frequence. 

Les  figures  12  et  13  reprdsentent  les 
variations  de  signature  auxquellee  on  peut 
s'attendre  dans  deux  types  de  pathologie, 
ausculaires  et  discales. 

En  caa  de  paralysie  flasque  (figure  12  haut)  la 
disparition  coaplkte  de  la  raideur  ausculaire  k 
tendance  k  ddplscer  les  frequences  de  resonance 
vers  les  basses  frequences,  ceci  de  fagon 
globale.  Une  raideur  peravertdbrale  localisde 
ddplacerait  au  contraire  les  resonances  des 
disques  intdressds  vers  les  hautes  frequences 
(figures  12  bas).  Dans  une  atteinte  discale 
(figure  13)  la  disparition  de  1 ' aaortissement 
nucldaire  entrainerait  une  augaentation 
d'aaplitude  du  Module  de  la  fonction  de 
transfert.  Le  blocage  generalise  de  la  colonne 
vertdbrale  telle  qu'il  est  realise  dans  la 
spondylarthrite  ankylosante,  devrait  deporter 
l’enseable  des  frequences  de  resonance  vers  la 
droits  par  augaentation  des  coefficients  de 
raideur  discaux. 

Une  proposition  qui  vise  k  aettre  au  point  un 
tel  type  d'analyse  de  signature  sur  la  colonne 
vertdbrale  de  l'hoaae  est-elle  rdaliste  ? 

La  volontd  de  pratiquer  un  exaaen  k  caractkre 
non  sanglant  sur  un  organs  profond  oblige  k 
envisager  une  exploration  de  type  ultrasonore 
ou  radiologique.  Si  la  description  sulvante 
fait  appel  k  l'iaagerie  radiologique,  il  n'est 
pas  exclu  qu'un  tel  exaaen  puisae  dtre  realise 
par  ultrasonographie  grflee  k  l'aadlioration  de 
la  resolution  des  iaages  obtenues  par  cette 
dernikre  adthode  en  plain  ddveloppeaent. 
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La  realisation  d'uns  exploration  fonctionnelle  dynamique  radiologique  de  la  colonne 
vert6brale  humaine  inposerait  troia  types  de  servitude, 

-  acquisition  (servitude  technologique  ;  rapidite  d' acquisition  de  I'iaage), 

-  servitude  lide  b  la  pathologic  du  nalade  examine  (sollicitation  vibratoire 
douloureuae  chez  un  lombalgique)  et  b  la  dose  de  rayonnement  b  appliquer, 

-  la  dernibre  difficult^  eat  en  quelque  sorte  le  corollaire  de  la  precedents. 
L'agresaion  vibratoire  imposes  au  malade  devant  §tre  minimale,  les  mesures  effectudes 
aur  les  radiographiea  doivent  minimiser  l'erreur  au  maximum,  c'est-b-dire  presenter  une 
grande  precision  quant  au  mouvement  relatif  d'une  vertbbre  par  rapport  b  l'autre. 

.  Les  problbmes  poses  par  la  rapidite  d'obtention  des  radiographies  chez  un  sujet  non 
immobile  ne  sont  pas  recants.  Ainsi,  la  methods  de  sollicitation  vibratoire  devant  un 
appareillage  radio  a  ddjb  ete  experimante  en  1967  par  WEISS  et  HOHR  (49).  Ces  auteurs 
ont  obtenu  une  image  cineradiographique  du  mouvement  du  diaphragms  d'un  sujet  soumis  b 
une  excitation  impulsionnelle. 

.  Si,  dans  cette  etude  les  doses  de  rayonnement  appliqueea  au  sujet  d'expdrience  ont 
ete  jugdes  raisonnables ,  il  reste  b  ddfinir  l'amplitude  de  vibration  supportable  par  un 
lombalgique  en  position  assise  par  example.  A  l'dvidence,  ce  parambtre  ne  peut  8tre  que 
de  faible  valeur  et  devra  faire  l'objet  d'dtudes  prealabies. 

.  L 'utilisation  de  la  radiographle  eclair,  rbgle  le  problbme  du  temps  de  pose 
(10”"s) . 

Par  ailleurs,  les  erreurs  de  mesure  (exprimdes  en  degrds)  sur  la  position  relative  de 
deux  os  adjacents  entre  deux  positions  diffdrentes  peuvent  atteindre  des  valeurs 
iaportantea.  BENSON  et  Coll.  1976  (1)  montrent  que  l'ensemble  des  biais  anatomiques 
physiologiques  ou  expdrimentaux  provoquent  une  incertitude  de  50  X  sur  la  connaissance 
d'une  rotation  de  30*"  par  example.  Considerations  corobordes  par  DRAN  1979  (10)  et 
dont  les  raisons  avaient  6td  antdr leurement  ddfiniea  par  NASH  et  HOE  dbs  1969,  (26). 

Cependant,  HANLEY  et  Coll.,  1975  (12)  obtiennent  une  precision  de  l'ordre  du  degrd 
sur  la  determination  de  la  flexion  extension  de  la  colonne  lombaire.  DIMNET  1979  (7)  et 
en  collaboration  avec  PANJABI  et  al.  en  1978  (30)  obtient  une  precision  de  0,3OM  sur  la 
meaure  du  ddplacement  relatif  de  deux  vertbbres  immobiles  mais  en  position  diffdrente. 
Cette  acquisition  permet  b  PASQUET  1980  (31  )  d'dtudier  les  parambtres  descriptifs  de 
la  colonne  vertdbrale  en  radiographle  de  profit  avec  une  grande  precision. 

Si  done  1 ' acquisition  et  le  traltement  d'un  signal  d’imagerie  en  regime  dynamique  ne 
mettent  plus  de  barribre  insurmontable  au  ddveloppement  d'un  tel  examen  ;  on  peut 
espdrer  valider  "une  exploration  en  analyse  de  signature"  en  laboratoire  et  sur 
1 'animal  de  la  manlbre  suivante  i 

un  animal  bioinstrumentd  b  l'aide  d' accdldrombtres  miniatures  sur  la  colonne  est 
soumis  b  des  vibrations,  tandis  que  des  radiographies  sont  pratiqudes  dans  le  m8me 
temps. 

Deux  types  de  eignaux  aont  obtenus  sur  le  rachls  t 

-  des  slgnaux  dlectriques  (accdldrombtres) 

-  des  images  radiologiques. 

Sur  les  films  radiographiquea,  les  techniques  de  reconnaissance  de  forme  et  de 
treitement  d' image,  ainsi  que  les  calculs  de  centre  instantand  de  rotation  sont 
effectuds.  Les  rdaultata  de  l'analyse  harmonique  pratiqude  sur  ces  points  seraient 
comparda  au  mdme  traltement  analytlque  des  slgnaux  objectlfs  (accdldrombtres).  Une 
bonne  concordance  des  rdsultata  validant  la  mdthode  chez  l'anlmal  permettrait 
d'enviaager  de  fagon  rdeliste  une  application  b  l'homme  t  1 'exploration  de  la  fonction 
dynamique  de  aon  rachla. 
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DISCUSSION 

PRIVITZER,  US:  I  agree  with  your  remarks  regarding  the  difficulties  in  modelling  the  spine.  Now 
I'm  speaking  of  modelling  in  the  mechanical  sense,  rather  than  in  the  statistical  sense,  for  the  pur¬ 
pose  of  predicting  the  experience  of  back  pain  or  back  discomfort  —  that  is,  indeed,  a  very  com¬ 
plicated  problem.  Another  thing  I  want  to  point  out  is  that  the  model  described  in  AGARD  Conference 
Proceedings  Nos.  253  (pp.  A9-1  to  A9-15)  and  322  (pp.  30-1  to  30-10)  was  not  developed  to  predict  back 
pain:  but,  rather,  to  predict  the  likelihood  of  vertebral  compressional  injury  in  impact  environments, 
such  as  aircraft  ejections  or  helicopter  ground  impacts.  The  model  may  also  be  used  to  establish  op¬ 
timal  seat  and  restraint  system  configuration  limitations  on  encumbering  devices,  masses  and  locations, 
and  limitations  on  accelerations  transmitted  to  the  occupant  through  the  seat.  Most  problems  have  not 
been  associated  with  the  modelling  techniques;  but,  rather,  with  the  considerable  paucity  of  experi¬ 
mental  data  that  are  required  by  such  a  model.  In  other  words,  most  of  the  simplifying  assumptions 
that  were  made  were  required  because  of  the  lack  of  data,  rather  than  any  shortcomings  of  the  analyti¬ 
cal  techniques. 

QUANDIEU ,  FR:  I'm  in  complete  agreement  with  your  comment.  It  is  clear  that  “signature  analy¬ 
sis",  in  that  it  is  an  application  in  biology  of  what  is  done  in  industry,  is  only  applicable  at  low 
levels  of  force.  Signature  analyses  which  go  to  the  point  of  destruction  of  the  system  under  study  are 
not  directly  interesting  on  the  one  hand;  on  the  other  hand,  these  would  not  be  directly  Interesting 
in  biology,  because  they  would  enter  quickly  into  the  non-linear  portion  of  the  Bystem  response. 
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MU0NOTOQB  OS  FOSIWB  OPTIMALE 


A.M.  OOBLENTZ,  J.F.  OOBLENTZ,  P.  GUQffiAU,  N.  BQNJOUR 

LABORATOIRE  D'  ANIHROPOLOGIE  APPLIQUEE 
45,  rue  dee  Saints- Per ee 
75270  -  PARIS  CTEEX  06  - 


Cette  communication  expose  une  nouvelle  perspective  en  ergonomie  de  conception.  II  y  est  presente 
notamment  une  par tie  du  travail  realise  dans  ce  sens,  la  recherche  autanatique  de  posture  optimale  pour 
un  modele  hunain,  dans  un  environnement,  defini  ou  non. 


i  -  nnucpnicH  - 


La  recherche  automatique  de  pasture  optimale  represente  une  premiere  par tie  des  recherche®  en  cours 
au  Laboratoire  d'Anthropologie  Appliquee,  visant  &  realiser  un  systeme  intAgrA  intelligent  en  ergonomie 
de  conception.  Un  tel  systeme  represente  une  structure  complexe,  impliquant  de  multiples  sous -ensembles 
ou  modules  possedant  entre-eux  une  grande  independance  de  conception.  Le  modele  de  recherche  automatique 
de  pasture  optimale  est  1 'un  des  plus  important®  pour  l'ergonome  travaillant  sur  tin  projet  car  la  mAtho- 
de  non  automatisee  de  mise  en  posture  est  fastidieuse,  et  met  en  oeuvre  des  methodes  empiriques  delica- 
tes  a  justifier.  Uhe  justification  existe  malgre  tout  puisqu'elle  conceme  la  quality  du  resultat.  Elle 
est  bien  souvent  suffisante  au  yeux  de  1' expert.  Dans  une  approche  differente,  on  peut  esperer  que  tout 
le  savoir-faire  et  les  connaissances  de  cet  expert  puissent  etre  formalisms,  gerAs  par  une  structure  in- 
forma  tique,  puis  reutilise  de  fagon  automatique  permettant  ainsi  de  progresser  dans  1' optimisation  des 
travaux  d ' ergonomie  de  conception. 


2  -  BASE  DU  TRAVAIL  - 

Une  etude  complete  a  ete  real is ee  au  sein  du  laboratoire,  afin  de  creer  un  modele  de  representation 
de  1 ' opera teur  humain  qui  reponde  a  un  certain  nombre  d'imperatifs  : 

-  simplicite, 

-  souplesse, 

-  realisme. 

Dans  cette  optique,  le  modele  suivant  a  ete  retenu  :  la  description  de  l’individu  repose  sur  une  re¬ 
presentation  sous  forme  de  chalnons  articulAs  et  on  ne  retient,  dans  un  premier  tenps  qu'un  nombre  1  invi¬ 
te  d' articulations  et  de  degres  de  liberte  :  soit  huit  articulations  et  des  deplacements  dans  un  plan 
sagittal  (figure  1).  Chaque  segnent  est  conBidArA  comme  lineaire,  et  chaque  articulation  est  asaimilee  A 
un  centre  de  rotation  plan.  Les  segnents  sent  les  suivants  :  tite  (en  fait,  on  choisit  une  position 
d'oeil  thAorique),  rachis  cervical,  rachis  dorsal,  rachis  lembaire,  rachis  sacre,  cuisse,  janbe,  et 
pied. 


3 


L’abjsctif  consists  A  rAaliser  A  partir  d'un  certain  nombre  de  points  de  l'sspaoe.  Is  mise  en  pos¬ 
ture  d'un  modAle  du  corps  humain.  Le  contexts  gAnAral  de  1' environnement  set  dAfini  par  diffArents  sous- 
enseebles  du  ays t  Arne  EROODATA  : 

-  un  logiciel  de  C.A.O.  (EUCLID) , 

-  le  banque  de  donnAee  de  biomAtrie  et  de  blomAcanique, 

-  lee  rAfArenoee  et  fiches  de  synthAsee  en  ergonomie. 
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Le  programme  presente  ici  set  independant  du  logiciel  de  C.A.O.  utilise.  Las  points,  dits  de  refe¬ 
rence,  peuvent  Atre  ddfinis  an  nonbre  quelcongue.  L' etude  effectuee  a  raontre  qua  la  nombre  de  points 
deer its  par  la  charcheur  ast  gdndralenent  infdriaur  a  cinq,  mais  il  aurait  ete  doomage  de  limiter  les 
possibility  du  logiciel  dAs  son  analyse,  aussi  n'y-a-t-il  aucune  restriction  sur  ce  point.  Les  points 
las  plus  frlquemment  fournis  par  la  charcheur  sent  la  position  de  l'oail,  ou  de  l'appareil  de  visde,  et 
la  position  du  repose-pied  (figure  1).  II  est  plus  rare  da  voir  definie  la  position  de  la  hanche  (tro¬ 
chanter).  Mais  il  ast  Clair  qu’il  paut  etre  necessaire  de  foumir  dee  donn6ee  autres  que  dee  points  de 
reference,  ou  tout  au  moins  compl&nentairee.  Ainsi,  il  set  frequent  de  devoir  definir  des  angulations 
precises,  dues  a  das  con train tee  de  conception.  Il  est  done  possible  de  deer ire  pour  une  ou  plusieura 
articulations,  la  valeur  de  l'angulation,  ou  de  l'intervalle  d1 angulation. 

Tous  ces  points  doivent  naturellement  etre  d’une  parfaite  coherence  pour  permettre  4  1 ' algorithms  de 
travaillar  correctement.  Une  erreur  dans  une  valeur  d' angulation  paut  en trainer  un  resultat  entierement 
faux,  sans  que  cala  soit  decele  par  le  charcheur,  le  resultat  semblant  plausible. 


4  - 


LA  POSTURE  OPTDIALE  - 


4.1  -  Hodfclm  - 


La  Recherche  de  Posture  Op ti male  est  rdalisde  &  l'aide  d'un  algorithmic  dit  de  PROGRAMMTION  DVNA- 
MIQUE. 

-  Description  du  procede  : 

A  cheque  articulation  sont  affectees  trois  valours,  ou  ensembles  de  valours,  numdriques.  Tout 
d'abord,  une  valeur  de  reference  ideal e,  la  valeur  qui  correspond  A  la  meilleure  angulation  pour  cette 
articulation.  Puis,  un  ensemble  qui  represente  l'intervalle  des  angulations  accep tables,  pour  1' articu¬ 
lation.  Enfin,  un  ensemble  qui  represente  l'intervalle  des  valours  d'angulations  pour  1' articulation. 
Ces  valeurs  ou  ensembles  seront  notds  : 

.  VRI  :  valeur  de  reference  idAale, 

.  IE  :  intervalle  ergonomique, 

.  IA  :  intervalle  anatomique. 

Pour  ces  "ensenbles",  on  a  evidemment  la  relation  suivante  : 

VRI  C  IE  C  IA  (  C  dtant  le  synbole  d' inclusion) . 

Pour  IE  et  IA,  on  utilisera  lee  notations  suivantes  ;  e£  et  Ei  seront  respectivement  la  borne  in¬ 
fer  ieure,  et  la  borne  sup^r ieure,  de  l'IE  d' indice  i.  Il  en  sera  fait  de  m&ne  avec  l'IA,  en  utilisant  les 
variables  a*  et  Ai. 


4.2  -  L'alqorithne  de  proqraition  dynitgus  - 

4.2.1  -  Gfafealltfe  : 

A  partir  dee  ensembles  ddcrits  prdcddanmnnt,  un  chemin  est  determine.  il  doit  done  prendre  en  consi¬ 
deration  les  par  ami tree  determines  par  1'experimsntateur,  e'eet-a-dire  las  n  points  ds  reference.  Le 
meilleur  chemin,  au  sene  d'une  fonction  d' evaluation  utilises  par  1 'algorithme,  est  celui  optimisant 
cette  fonction  d' evaluation,  il  est  evident  que  Is  recherche  d'un  tel  chemin,  sans  methodas  performan- 
tee,  serai t  tree  longue,  et  trie  coCteuse  en  taille  memoirs.  Qi  effet,  la  programmation  dynamique  permet 
d'eliminer,  A  cheque  Atape,  la  totality  des  chemins  non-op timaux,  d'ou  un  important  gain  de  temps.  Il 
faut  de  plus  no  ter  que  1  'algorithms  est  complet,  c'est-A-dire  que  si  un  chemin  optimal  exists,  1  'algo¬ 
rithms  eat  assure  de  le  trouver.  L' elimination  A  cheque  niveau  pent  se  reveler  neaimoim  un  sdrieux  han¬ 
dicap,  car,  dee  chemins  non  optimaux,  done  eiimines,  peuvent  se  reveler  inter assents  par  la  suite,  ce 
qui  occasiome,  nous  le  verrons,  une  parts  d' information. 

4.2.2  -  Description  ds  I'algerittae  : 

Pour  passer  de  1' articulation  i  A  1' articulation  i+1,  on  calcule  le  "ooQt"  de  chaque  chemin  de  1' ar¬ 
ticulation  i,  avec  l'angulation  x^,  A  1' articulation  i+1,  avec  l'angulation  xi+ 1  (figure  2).  Puis  pour 
cheque  angle  de  1+1,  on  retient  comae  chemin  optimal  celui  qui  a  1 ' evaluation  la  moins  Alevde  (figure 
3).  Ainsi,  A  Is  dsrniAre  articulation,  il  est  possible  d'obtenir  le  meilleur  chemin,  qui  ast  reprAsente 
par  1' ensemble  des  angles  ou  des  positions  recherches. 


10-3 


\ 


5  -  nccMvanair  no  mocag  -  amelioration  eg  l'alporct*b  - 

5.X  -  UitUtloM  d>  l'alqccitfaaw  da  mini  laaaaticn  dwrinnw  - 

Par  cette  methods  on  definit  Xa  neilleure  posture,  conpte-tenu  des  imperatifs  fournis  en  parametres . 
Nais  cette  posture  reste  la  neilleure  d'un  point  de  vue  purement  raathematique  et  meme  si  le  modele  est 
bon,  cette  optique  trie  limitative  peut  s ' avirer  mauvaise.  Supposons  main tenant  que,  pour  des  motifs  non 
matMmatiques,  la  posture  calculee  ne  soit  pas  acceptable  ou  ne  soit  pas  erqonomiquement  satisfaisante. 
Dans  ces  deux  cas,  il  sera  necessaire  de  trouver  une  posture  sous-optimale,  et  done  de  modifier  un  peu 
la  fagon  de  voir  les  resultats.  En  effet,  1‘ elimination,  effectuee  lors  de  chaque  etape  du  traiteraent 
inplique  que  des  postures  a  peine  mo ins  bonnes,  n'auront  pas  ete  considerees. 


5.2  -  Description  de  l’alqocithme  nodifid  - 

II  est  inter essant  de  stocker,  non  pas  la  meilleure  posture,  mais  un  certain  nonbre  de  meilleures 
postures.  Cela  a  rendu  necessaire  une  analyse  tres  approfondie  du  programme.  II  est  main tenant  passible 
de  retenir  k  postures,  ce  nonbre  k  4tant  defini  par  l'utilisateur,  en  interactif,  en  debut  de  programme. 
Pour  cela  un  certain  nonbre  de  solutions  est  memorise  a  chaque  noeud  de  l'arbre  de  recherche  (figure  4), 
puis  ces  solutions  sent  traitees  cosine  solutions  global es  a  la  demande  du  chercheur,  non  satisfait  de  la 
solution  optimale  de  tec tee.  Ceci  per met  done  de  proposer  une  solution  globalement  satisfaisante,  compte 
tenu  de  con  train tea  oonnues  de  l'ergonome,  mais  difficilement  quantifiables  dans  le  cadre  d'un  programme 
ou  d'une  expertise. 


6  -  EEVELCPPBBnS  EE  LA  ICIHCDE  - 


Le  premier  developpement  est  naturellement  1" inclusion  de  donnees  concernant  les  meafcres  superieurs, 
en  particulier  1* articulation  tres  delicate  qu'est  1 ' epaule .  Ce  pr obi  erne  est  actuellement  4  1 'etude  au 
laboratoire.  Ui  premier  travail  a  ete  r£alis4,  avec  des  parametres  simplifies.  Ceci  a  pour  but  de  ne  pas 
retarder  1 'exploitation  en  grandeur  reelle  du  programs,  en  ttfpit  de  ce  problime  tres  sensible. 

Cet  algorithme  pourra  egalement  etre  utilise  avec  de  plus  nombreux  parametres.  Ces  parametres  pour- 
ront  correspondre  4  un  placement  impose  (dans  ce  cas,  d'autres  points  de  reference  en  plus  de  PI  et  de 
P2  pour  root  etre  foumis) ,  ou  pourront  Atre  das  parametres  dynamiques,  oomme  1  'insertion  des  donnees 
concernant  les  mouvements  des  membres  superieurs,  etc... 


articulation  n*U  3 


Figure  4 


Pour  cette  raison,  une  troiei4me  par  tie  de  l'dtude  eat  an  court,  visant  4  introduire  dee  notions  de 
dynamiqua  dam  l'eepaoe  (augmentation  du  noafere  da  degree  da  liberal).  Ella  ports  actuellement  aur 
l’ltude  du  dlplacamant  spatial  du  maafaca  infirieur ,  ce  mentae  aemblant  plus  aislnwnt  modiliaable.  Lora- 
qu'elle  aura  abouti,  il  sera  alors  possible  d' an  v laager  une  nouvelle  extension,  afin  da  prendre  an  coap- 
te  las  ddplacamenta  du  meafere  supirieur .  La  richaaae  de  1 ' information  sat,  dam  ce  dernier  caa,  trie 
grande,  auaai  l'ltude  dolt  porter  non  settlement  aur  las  algor i thmes  tridimamionmla,  mais  ausai  aur  la 
structure  des  donnees  4  r4cupdrer  at  4  stock  as-. 
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7  -  CONCLUSION  - 


Nous  avons  presente  ici  un  programme  de  miae  en  posture  d'un  modele  humain.  Ce  programme  a  ete  rea¬ 
lise  avec  la  volonte  absolue  d'etre  u tills  able  aussi  bien  seul,  cease  tout  programme  simple,  qu'integre 
a  un  ensemble  de  travail  en  ergononie  de  conception.  Ainsi,  on  peut  dire  que  ce  progranue  est  le  premier 
maillon  d'une  chalne  de  travail  intelligente,  qui  pourra  realiser  un  travail  construct  d’ ergonomic,  a 
partir  d'une  gestion  des  connaissances  qui  lui  seront  foumies.  Cela  fait  par  tie  de  la  volonte  du 
Labcratoire  d1  anthropologic  AppliquEe,  d'utiliser  des  me th odes  d 1  informs tique  de  tres  haut  niveau,  et 
d' intelligence  artificielle. 
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EKXB  WOWMBBOg  BB  U  COURBWE  EXTERNE  DU  RACHIS  FOUR  MFIBBIBS  POSITIONS  EE 


A.H.  COBLEMTZ,  J.C.  PINEAU,  G.  ICNAZI,  R.  MOLLARD 

LABORATOIRE  D '  ANTWOPOLOGIE  APPLIQUEE 
45,  rue  dee  Saints-PAree 
75270  -  PARIS  CEDEX  06  - 


RESOWS 

Uie  analyse  de  la  courbure  exteme  du  rachia  a  ete  realise©  a  partir  du  releve  de  donndes  bioe ter do¬ 
me  triquea,  sur  un  groups  de  sujets  de  sexe  masculin,  en  position  debout  standard  et  pour  differ entes  po¬ 
sitions  assises. 

Les  courbures  ext ernes  du  rachia  ont  ete  determinees  a  partir  des  par ame ties  suivants  :  rayons  de 
courbures  dorsale  et  lombaire,  positions  des  centres  de  courbures  et  localisation  du  point  d‘ inflexion. 

Les  modifications  des  formes  du  contour  externe  ont  ensuite  ete  etudiees  pour  plusieurs  positions 
assises.  Les  resultats  de  ces  travaux  sont  utilises  pour  la  modelisation  tridimensionnelle  du  corps 
humain  et  appliques  dans  des  analyses  de  pastes  en  C.A.O.  Ils  peuvent  egalement  oontribuer  A  une 
meilleure  connaissance  des  relations  entre  les  formes  du  doe  en  position  fonctionnelle  et  les  gAnes 
ressenties  pour  des  opera teurs  assis. 


l  -  nnHocuerioi  - 

Les  troubles  qui  affectent  la  colonne  vertebrate  constituent  une  preoccupation  permanente  des  servi¬ 
ces  de  santd  ainsi  gue  des  ingem.  eura  ergonomes  qui  doivent  impdrativement  minimiser  les  contraintes  de 
pasture  dans  la  creation  de  nouveaux  equipements . 

Parmi  les  notnbreuses  causes  de  douleurs  lombaires  ou  dorsales,  les  plus  frequentes  demeurent  liees  : 

-  au  transport  de  charges,  qui,  dans  certains  cas,  aqissent  sur  les  diaques  intervertebraux  provoquant 
des  loefcalgiea  aigiies, 

-  4  une  position  assise  inconf or  table  de  longue  durde  conduisant  A  une  contraction  des  muscles  du  doe, 
difficilement  supportable. 

Si  la  connaissance  des  caractdristiques  biamdcaniquee  du  rachis  permet  de  mieux  apprehender  les 
causes  d' accidents,  lids  au  soulevement  ds  charges  et  de  les  prevenir  par  des  recommendations  simples, 
par  contre,  la  resolution  des  problemes  de  posture  assise  ndcessite  une  meilleure  connaissance  de  la 
variability  interindividuelle  de  Is  forme  de  la  courbure  du  rachis,  tant  en  position  debout  standard, 
qu'en  positions  assise  redresade  et  assise  reldchde. 

De  noebreuses  d tildes  portent  sur  les  aspects  biomdcanicfies  du  rachis  et  plus  particuliArement  sur  la 
classification  das  types  rachidiens  ont  ete  rdalisdes.  BOUNACK  (1941)  a  defini  quatre  categories  de 
courbures  sur  le  vivant  :  dos  droit,  voOtd,  lordotique  et  cyphotique.  Eh  1950,  DELIUS  a  determine  un 
indice  de  courbure  rachidienne  sur  le  squelette  :  I  -  100  x  |  oii  h  est  la  hauteur  du  rachis  et  s  sa 
longueur.  IX  ddfinit  ainsi  trois  types  ds  courbures  A  partir  drun  ddcoupage  de  1' indice  suivant  les 
valeurs  :  dlevdes  de  96  A  100;  lntermddiaires  de  94,1  A  96  et  basses  ou  faibles  de  94  et  au-dessous. 
BROUN  et  Coll.  (1976)  ont  dtudid,  A  partir  d'une  mdthode  radiographique,  1 'orientation  gdomdtrique  des 
vertAbres  dans  I'espace  A  3  dimensions,  obtenue  par  la  coincidence  de  deux  plans.  Les  orientations  ont 
dtd  calculdas  A  partir  des  angles  d' EULER  et  les  rdsultats  conferment  d'aprAs  les  auteurs,  les  donnees 
de  la  littdrature.  SHIGIELSKA  et  Coll.  (1981)  ont  pour  leur  part  analysd  les  deformations  rachidiennes 
des  judokas  sur  des  Images  de  rachis  obtenuas  en  projection  sagittale  par  mesure  directs.  En  1981, 
KNUSSMANN  et  Coll,  ont  utiliad  une  mdthode  photographique  pour  comparer  les  prof ils  dee  rachis  ex ter  nee 
chez  des  sujets  des  deux  sexes.  En  1983,  NXELKI  et  Coll,  ont  dtabli  une  classification  des  courbures  du 
rachis  A  partir  du  relevd,  par  mesure  directe,  de  points  anatomiques  entre  C7  et  L5  sur  un  dchantillon 
de  17D  femmes  dtudiantes  en  dducation  physique.  Les  auteurs  ddterminent  dans  un  plan  sagittal,  le 
rapport  de  deux  cordee  joignant  les  axtrlmitds  chi  rachis  et  qui  peasant  par  le  point  d‘ inflexion.  Ils 
aboutissent  ainsi  A  trois  typologies  de  courbure  82%  das  sujets  posaAdent  une  courbure  normale,  8% 
sont  lordotiquas,  avec  un  relAvamnt  du  point  d' inflexion  et  10%  sont  cyphotiques  avec  un  abaissement  du 
point  d' inflexion.  BRANTON  (1984)  a  retenu  la  mdthode  radiographique  pour  reconstruire  la  courbure  du 
rachis  sur  un  dchantillon  de  114  sujets  des  deux  sexes  en  position  assise  redressde.  L' auteur  ddtermine 
5  points  de  rapAres  compris  entre  le  vertex  et  le  sacrum  et  calcule  le  pouroentage  de  sujets  lordoti¬ 
quas,  A  colonne  raide  et  cyphotiques.  Ds  plus,  il  prdcise,  A  1 ' aide  de  son  dchantillon,  lee  positions 
moyemas  et  dcarts-typas  des  points  de  rdfdrence  qui  lul  ont  permls  de  recons tituer  le  rachia  dans  un 
plan  sagittal. 

D’une  fagon  gdndrals,  las  dtudas  antdrieures  montrsnt  que  la  classification  dee  types  rachidiens, 
sur  le  squelette  comma  sur  le  vivant  eboutit  A  trois  typologies  dis tine  tea.  Toutefois,  ils  nous  a  paru 
intdrassant  d1 analyser  las  aodiflcaticns  ds  ces  typologies  lorsqus  las  sujets  passant  d'une  position  de 
rdfdrence  debout  standard  A  une  position  assise  redrasada  puis  A  une  position  naturelle,  assise  rel»- 
chde.  Dans  cette  perspective,  une  praaiiAra  dtude  a  dtd  effectude  A  partir  da  meauras  stdrdomdtriques 
directas  dans  un  anthropostdrdonAtrs  sur  un  groupa  da  sujets  das  deux  saxes  an  position  debout  standard 
(PHCAU  at  Ooll. ,  1983).  Bn  utilisant  une  mdthode  algdbrique  approprlde,  nous  avons  calculd  las  parseA- 
tras  ddcrivant  las  courbures  dorsales  at  loabelraa  at  ddfini  ainsi  trois  types  da  courbure  externe  qui 
confirment  las  rdsultsts  das  travaux  de  EELMAS  (1950)  effectude  but  la  squelette.  Bn  retenant  la  mine 
adthode,  nous  avons  rdalisd  une  dtude  coaparative  portent  sur  la  modification  daa  parsed tree  algdbriquas 
ddcrivant  la  forme  du  rachis  dans  la  passage  da  la  position  dabout  standard  aux  positions  assise  redrss- 
sda  et  asalae  rsllehda. 
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2.1  -  Technique  dm  assure  - 

Pour  cette  etude  nous  avons  releve  las  coordonnees  tridiaenaionnelles  da  15  points  cutands  places 
sur  la  contour  ext  erne  du  rachis  antra  C7  et  L5  A  l'aide  d'un  syatAm  da  mesure  indirecte,  utilisant  das 
candras  viddo  relives  A  un  niini-ordinateur  (VIOON,  Oxford  Metrics).  Cette  technique  the  assure  presents 
la  double  avantage  d'etre  beaucoup  plus  rapide  at  precise  dans  la  saisie  da  1 ' information  qua  la  system 
da  nesure  bios ter ecnetrique  directe.  Las  relev  As  ont  portd  sur  un  groups  da  9  sujats  du  saxe  aasculin 
pour  las  trois  positions  :  debout  standard,  assise  redresade  et  assise  relAchde,  soit  27  courburee 
axtemes.  La  trai tenant  das  donndaa  ast  efffectue  an  utilisant  la  Methods  algdbrique  ddcrite  prdcddaa- 
ment  (PINEAU  at  Coll.,  1983).  Les  courburee  ext ernes  sent  Aditeee  an  pourcantage  da  la  hauteur  <ki  rachis 
(C7-L5)  pour  chacune  das  positions  etudiees  (figure  1). 

DEBOUT  STAMMRD  ASSISE  RELACH&E 


Figure  1  -  A justenent  das  valeurs  experimen teles  A  partir  d'une  expression  algdbriqpe  du  4Ame  degre. 

Example  d'ddition  graphique  pour  deux  positions 
-  Plan  sagittal  vertical  - 


2.2  -  Etude  analytlqua  - 


Pour  las  diffdrentes  positions  re tenues,  nous  avons  calculi  las  principaux  par  emfe tree  algdbriquas 
ddcrivant  la  courbure  ext erne  du  rachis  :  1' indice  da  courbure,  la  position  du  point  d'inflexion, 
1' angle  qua  fait  la  tangents  A  la  courbe  au  point  d'inflexion,  la  position  des  sonnets  et  das  rayons 
da  courburee  (figure  2). 


CL :  wnwm  dt  courbure 
Cq  :  BOfTwrwt  dt  courburt 
Inf :  point  d'inflexion 


Figure  2  -  Courbure  externa  du  rachis  obtanue  par  urn  Aquation  du  4Am  degrd.  (D'aprAs  PINEAU  at  Coll.. 
-  1983). 


Las  variations  intarindividuallaa  das  principaux  paraaiAtrae  algdbriquas  ddcrivant  la  courbure  exter¬ 
na  du  rachis  pour  las  trois  positions  retanuso  :  debout  standard,  assisa  redrasada  at  assis  relAchde  sent 
raportdas  dans  la  tableau  ci-apris.  Los  valours  sent  axpriwdaa  an  pourcantage  da  la  hauteur  du  rachis 
(C7-LS)  ca  qui  pormt  d'affactuar  das  conparaisons  antra  las  sujats.  Las  coocdonndae  Z  et  Y  du  point 
d'inflexion  at  das  seamats  da  courburee  dorsals  at  loafeslre  rape  dean  Lent  raspactivmant  las  colas 
vartleala  at  antdro-pcatdrleure  do  la  projection  da  la  courbure  du  rachis  dans  un  plan  sagittal  addian. 


POSITIONS 


PARAMETRES 


Indice  de  courbure  I  . 

Point  d* inflexion  (Z,Y)  . 

Angle  9  (point  d ' inflexion/axe  vertical)  .. 

Sonnet  de  courbure  dorsale  (Z,Y)  Cp  . 

Rayon  de  courbure  dorsale  Rj> . 

Sonnet  de  courbure  lorfcaire  (Z,Y)  Cl . 

Rayon  de  courbure  lontoaire  Rl . . . 


95.5  «  I  «  98,8 

50.5  <  Z  <  70,0 
-2,1  «  Y  <  8,8 

6,0  <  6  <  18,0 

23,3  <  Z  <  40,0 
3,3  <  Y  <  14,0 

55,0  <Rd  <138,0 

74,8  <  Z  <  93,0 


ASSISE  REDRESSEE 

ASSISE  RELACHEE 

96,4  <  I  <  99,4 

91,5  <  I  <  96,1 

44,4  <  Z  <  65,8 

70,0  <  Z  <  98,0 

-2,9  <  Y  <  11,0 

9,0  <  Y  <  17,0 

2,0  <  6  <  14,0 

4,0  <  0  <  20,0 

19,0  <  Z  <  41,0 

48,0  <  Z  <  73,8 

3,0  «  Y  <  11,6 

15,0  <  Y  <  28,0 

55,0  <Rd  <170,0 

62,0  <Rd  <175,0 

71,0  «  Z  <  91,0 

96,8  <  Z  «  99,9 

-7,0  <  Y  <  10,5 

6,0  <  Y  <  23,0 

55,0  <RL  <236,0 

40,0  <RL  <298,0 

Z  :  sens  vertical  (de  C7  a  L5  en  poeitif ) .  Y  :  sens  an tero-poe ter i eur  (positif  en  arrifere  du  sujet). 
Variation  interindividuelle  des  parametres  alg&riques  dfcrivant  la  courbure  extern*  du  rachis  dans  3 
positions  distinctes.  Les  coordonnees  Z  et  Y  sont  exprim6ea  en  pourcentage  de  la  hauteur  du  rachis  (C7- 
L5)  et  o  en  degree. 

Gompte-tenu  des  resultats  donnes  dans  le  tableau  ci-dessus  et  de  la  connaissance  des  valeurs  indivi- 
duelles  theoriques  dfcrivant  les  courbures  ext  ernes  des  sujets  pour  les  trois  configurations  retenuee, 
nous  avons  effectue  une  analyse  comparative  des  parametres  algebriques  entre  la  position  debout  standard 
et  assise  redressee  puis  entre  la  position  assise  redressee  et  assise  relSchee. 


DISCUSSION  - 
4.1  - 


tions  debout  standard  at 


.  _  _  hauteur  du  rachis  .  . 

D  une  fagon  generale,  l'indice  de  courbure  I  »  100  x  longueur- 'du ’ "r  ach  i »  oorrespondant  A  la  position 
assise  redressee  demeure  superieur  a  celui  correspondent  a  la  position  debout  standard.  Cette  modifica¬ 
tion  de  la  courbure  reflate  la  rectitude  de  la  colonne  lie*  A  la  bascule  du  bass  in  lors  du  passage  A  la 
poeltlon  assise. 

SI  l'on  observe  effect! vement  une  modification  de  la  forme  de  la  courbure  entre  la  position  debout 
standard  et  assise  redressee,  on  constate  toutefois  que  les  principaux  parametres  algebriques  ne  chan- 
gent  pratiquement  pas.  De  plus,  11  existe  une  relation  lineaire  etroite  (r  -  0,95)  entre  lee  valeurs 
theoriques  des  deux  courbures.  Sur  la  figure  3,  nous  avons  report^  les  variations  de  la  forme  des  cour¬ 
bures  ex  terries  de  trois  sujets  qui  presen  tent  des  courbures  extemes  tres  differentes.  En  particulier, 
on  peut  observer  le  emplacement  des  point*  caract6riatiquee  -  point  d' inflexion  et  soenets  de  courbu¬ 
res  -  de  part  et  d ' autre  de  l'axe  vertical  pour  les  positions  debout  standard  et  assise  redressee.  Les 
amplitudes  de  variation  des  points  caract&riatiques  indiqu6s  dans  le  tableau  montre  que  dans  certains 
cas,  le  aommet  de  courbure  lombaire  et  la  position  du  point  d1 inflexion  pr6sentent  des  variations  nega¬ 
tives  dans  le  sens  antero-poet6rieur,  la  courbure  coupant  l'axe  vertical. 


COfOE  EM  * 
V 


3  ~  Representation  dan*  un  plan  sagittal  dee  oourfeuraa  rachldlennes  de  trola  sujets  dans  las  po¬ 
sitions  :  debcut  standard  (1),  assies  rsdrasse*  (2)  at  aasisc-rsUchde  (3). 
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On  observe  qua  la  variability  intarindividualla  la  plus  grande  concern*  lea  rayons  da  courburee  dor- 
sala  at  locfcaire  dont  laa  valours  aont  coaprlaaa  antra  30  at  240%  da  la  hauteur  du  rachia.  Par  contra, 
las  positions  du  point  d‘ inflexion  at  das  soaaata  da  courburee  dorsals  (Cq)  at  locbaire  (CL)  presen  tent 
une  amplitude  da  variation  plus  rlduite  :  44  1  68%  pour  la  point  d' inflexion,  19  1  71%  pour  Cq  ,  70  4 
93%  pour  CL. 


4.2  -  Oa— raison  das  ctwrturas  rarhldtemae  ooir  las  positions  assies  rat— <a  at  issiaa  rcltchii 

La  modile  alglbrique  utilisd  pour  d4crira  las  doux  premiere#  positions  s' applique  egalement  pour  la 
position  assise  rellrtW  car  on  retrouve  une  correlation  trie  forte  (r  »  0,95)  antra  les  valeura  obser¬ 
ves*  at  th4ariquas. 

Pour  la  position  assise  relichee,  on  obaarva  qua  la  colonne  vert&jrale  accuse  une  forte  courbure  dans 
la  partis  Indian*  at  dans  la  pli^art  daa  cas  (7  sur  9  sujets)  une  faible  courbure  loabaire. 

D' autre  part,  on  constats  qu'il  n'axiete  pas  da  Modification  lineaxre  das  paraa£tres  alglfariques 
dans  la  passage  da  la  position  assis  radress4e  &  la  position  assise  rel&chie.  II  apparalt  que  les 
changamants  da  courbure  deneurant  tree  variables  auivant  laa  aujeta  at  oela  quelque  soit  la  type  de 
courburee.  Toutefois,  1 ' expresalon  alg&arique  pernet  de  comparer  les  variations  dee  coordonnees  des 
sennets  de  courburee  entre  cea  deux  poeitiona  (cf .  tableau  ci-avant). 

On  observe  : 

-  une  diminution  sensible  de  la  cote  verticals  du  sonnet  de  courbure  dont  les  variations  passent  de 
19-41%  a  48-74%, 

-  une  augnantation  dans  Is  sens  pceitif  de  la  cote  antaro-poeterieure  du  sommet  de  courbure  dont  les  va¬ 
riations  passent  de  3-14%  &  15-28%. 

Pour  expliciter  ces  variations,  nous  avons  reporte  sur  la  figure  4  les  zones  de  variations  des 
sonnets  de  courburee  dorsale  et  loabaire  pour  les  trois  positions  etudiees. 


□ 

□ 

□ 


Position 

Position 

Position 


Figure  4  -  Variations  interindividuellas 
retanuas. 


des  sonnets  de  courburee  dorsale  et  loSbaire  pour  3  positions 


5  -  OaCLUBIOM  - 


Afin  d' analyser  les  variations  de  forme  du  rachia  lora  ds  modifications  da  postures,  nous  avons  rda- 
lis*  une  modi  lisa  ti  on  da  la  colonna  vertibrale  dans  un  plan  sagittal  st  ainai  di  termini  la  variability 
intarlndiviAnlla  das  prlncipaux  par  nni tree  dicrivant  la  forme  da  la  courbure.  On  constats  qua  a'll 
sxiate  une  relation  lindaim  dans  le  passage  d*out  standard  k  la  position  assise  nrtrwnniti.  par  contre 
cstta  relation  n'sxiats  plus  dans  Is  passage  de  la  position  assise  redressya  k  une  position  assise  rell- 
chy*.  Toutefois,  nous  connaissons  las  modifications  ds  la  forme  da  la  courbure  eocteme  et  an  particulier 
lae  variations  de  la  position  dee  sonnets  de  courbure.  osci  nous  paralt  constituar  une  acnroche  pricise 
pour  las  pr ob limes  d'ergonomis,  notasmant  pour  la  modyilaation  tridlmansionnslle  du  corps  hunaln  et  Ice 
ytudse  de  conception  de  posts  d' activity  par  C.A.o. 

Nous  snviaagsons  main tenant  d'appliquar  cetta  nythoda  k  un  ychantillon  plus  important,  coccxcnant 
das  aujeta  das  deux  sexes  afin  d'ytudiar  las  formas  ds  oourburss  du  dos  an  p"ci»ion  fonctiomslle 

(assise  relAehye)  an  relation  avec  lea  gloss  ressantiss. 


11-5 


BTH.TOfiBAPME 

BOUUCK  V.-  Anthropometria,  praktitcheskii  koursa.-  Moaoou,  1941. 

BRANTON  (P. ) Backs hapee  of  seated  persons.  How  close  can  the  interface  be  designed  Applied  Ergono¬ 
mics,  1984,  15-2,  pp.  105-107. 

BROWN  (H.R. );  BURSTEIN  (A.H.),  NASH  (C.L. )  and  SCHOCK  (C.C. ) .-  Spinal  analysis  using  a  three  dimensional 
radiographic  technique.-  J.  of  Biomechanics,  1976,  Vol.  9,  pp.  355-365. 

DELMAS  (A.)..-  Types  rachidiens  de  statique  corporelle.-  Contnuni cation  aux  "Journees  Internationales 
d'Anthropologie  Differentielle".-  Royaumont,  11-16  septembre  1950. 

DELMAS  (A.)  et  RAOU  <R. ).-  Etudes  sur  les  mouvements  du  rachis  lombaire.-  Societe  Anatomique  de  Paris, 
14  fevrier  1952.-  Paru  in  :  Sem.  Hop.  Paris,  Arch.  Anat.  Path.,  1953,  29,  1,  pp.  1-3. 

DELMAS  (A.);  RAOU  (R.);  PINEAU  (H. ) .-  Variations  des  courbures  sagit tales  du  rachis.  Le  sonnet  de  la 
courbure  dor sale.-  c.R.  Assoc.  Anat.,  pp.  763-767. 

KNUSSMANN  (R. ) ;  FINKE  (E.).-  Studies  on  the  sex  -  specificity  of  the  human  spinal  profile.-  J.  of  Human 
Evolution,  1980,  9,  8,  pp.  615-619. 

PINEAU  ( J.C. ) ;  HOLLAND  (R. ) ;  IGNAZI  (G. ) .-  Etude  analytique  de  la  courbure  exteme  du  rachis  &  partir  de 
mesures  biosterecmetriques  sur  le  vivant.-  Cahiers  d'Anthropologie,  1983,  1,  3,  pp.  1-17. 

SMIGIELSKA ;  STOLARCZYK  (E. ) ;  ZEYLAND-MALAWKA.-  La  pratique  du  judo  est-elle  indifferente  pour  le  ra¬ 
chis  ?.-  Revue  de  Medecine  du  Sport,  1982,  56,  3,  pp.  45-52. 

WIELKI  (D. );  STURBOIS  (X.).-  Classification  of  the  anatomical  spinal  curves  of  females  students  in 
standing  position.-  Biomechanics  IX,  1983,  V.A.,  pp.  263-268. 


12-1 


INVESTIGATION  OF  THE  LUMBAR  FLEXION  OF  OFFICE  WORKERS 

A.C.  MANDAL,  M.D.  Chief  Surgeon 
Finsen  Institute,  Copenhagen  2100,  Denmark 


SUMMARY 

Modern  furniture  in  schools,  factories  and  offices  is  constructed  in  such  a  way  that  no  one  can  use  it  properly. 
Each  day  people  sit  for  many  hours  hunched  over  their  tables  in  postures  extremely  harmful  to  the  back. 

A  considerably  better  sitting  posture  can  be  obtained  if  the  table  is  constructed  higher  and  if  it  is  tilted 
about  10  .  In  this  way  a  book  or  item  is  brought  closer  and  is  at  a  better  angle  to  th^  eye.  The  worst  bending 
of  the  neck  is  thus  avoided.  Furthermore,  the  seat  can,  with  advantage,  be  tilted  20°  forward  to  reduce  the 
flexion  of  the  lumbar  region.  By  both  these  means  the  extra  30°  flexion,  which  is  the  most  strenuous  part 
of  the  flexion,  is  avoided.  This  can  be  demonstrated  by  means  of  an  automatic  camera.  To  control  the  flexion 
of  various  parts  of  the  body,  well  defined  anatomical  points  were  marked  on  the  skin  or  on  the  clothes. 

INTRODUCTION 

Almost  half  the  population  of  the  industrialised  world  is  thought  to  be  suffering  from  some  form  of  back  com¬ 
plaint.  Apparently  there  is  a  general  agreement,  that  straining  of  the  back  is  an  essential  factor  in  provoking 
backache  (Grandjean  1984).  Kroemer  (1971)  states  that  "flattening  or  reversing  the  lordosis  of  the  lumbar  part 
can  be  especially  dangerous". 

In  my  opinion  nothing  will  give  as  long  lasting  strain  as  the  fact  that  most  of  us  spend  a  good  deal  of 
our  lives  in  a  seated  posture  with  flexed  back. 

THE  RIGHT-ANGLED,  UPRIGHT  POSTURE 

During  the  last  30-40  years  there  have  been  attempts  to  improve  the  seated  work  position  for  all  age  levels 
by  replacing  old  furniture  with  newer  types  of  tables  and  chairs.  The  socalled  upright,  right-angled  position 
-  viz,  with  the  joints  of  the  hip,  knee  slnd  ankle  at  right  angles  -  has  for  unknown  reasons  been  considered 
the  correct  position. 

Above  all  the  lumbar  support  has  been  considered  to  be  the  means  to  Improve  the  seated  posture  (Akerblom 
1948).  But  this  is  rather  illogical  as  the  lumbar  support  only  carries  about  5%  of  the  body  weight  -  and  only 
in  the  reclined  posture  (Branton  1969).  In  the  forward  bent  posture,  in  which  most  precision  work  is  done, 
there  Is  hardly  any  effect  of  the  lumbar  support.  Moreover,  when  sitting  reclined  on  a  5°  backward  sloping 
seat,  you  will  have  to  bend  even  more  in  your  neck  to  get  into  visual  contact  with  items  lying  on  the  table. 
Consequently  office  workers  today  have  more  complaints  from  the  neck  and  shoulder,  than  from  the  lumbar 
region. 

No  one  has  given  any  real  explanation  as  to  why  this  right-angled  posture  should  be  better  than  any  other 
posture.  Nevertheless,  it  has  quite  uncritically  been  accepted  by  experts  all  over  the  world  as  the  only  correct 
one.  Very  little  interest  has  been  attached  to  the  seat,  which  carries  about  80-95%  of  the  body  weight.  Its 
influence  on  the  posture  of  the  body  therefore  must  be  more  important. 

CONCEPTS  OF  CORRECT  SITTING  POSTURE 

There  is  world-wide  unanimity  of  opinion  with  respect  to  "correct"  sitting  posture,  namely  that  the  body  should 
be  upright  and  the  back  straight.  However  nobody  is  able  to  sit  in  this  posture  while  working. 


Fig. I:  Schematic  models  representing  "correct  right-angled  posture' 


Sketches  representing  models  for  sitting  postures  from  several  countries  are  presented  in  fig.  1.  These 
sketches  constitute  the  basis  of: 

1)  Anthropometry  (Oxford,  1968:  AUS) 

2)  International  Standardisation  (1978:  ISO  and  1979:  CEN) 

3)  Training  of  designers  (Dreyfuss,  1955:  USA) 

4)  Training  of  people  to  sit  "correctly"  (Snorrason,  1968:  DK). 

It  is  surprising  that  no  explanation  appears  to  have  been  given  substantiating  why  one  should  sit  in  this 
particular  manner,  nor  is  information  supplied  regarding  the  method  by  which  the  sketches  were  constructed. 
The  Danish  sketch  (DK)  may  be  the  most  interesting  of  them  alt.  It  clearly  recommends  that  one  should  sit 
with  a  90°  flexion  of  the  hip  joint  and  a  concavity  in  the  small  of  the  back.  As  I  will  try  to  demonstrate 
later,  no  normal  person  is  able  to  sit  in  this  posture  while  working.  This  sketch  has  simply  depicted  a  skeleton 
sitting  on  a  chair.  The  sitting  posture  of  a  skeleton,  however,  is  not  helpful  in  solving  the  problems  encountered 
by  persons.  If  preventive  procedures  were  founded  on  such  an  insubstantial  basis,  the  outcome  would  be  doomed 
to  failure. 

POSTURE  TRAINING 

In  Scandinavia  enormous  efforts  have  been  made  to  teach  people  in  schools,  offices  and  factories  better  sitting 
postures  -  hoping  that  this  will  prevent  the  increase  in  the  number  of  backsufferers.  in  fact  we  have  tried 
to  adjust  the  people  to  the  furniture,  and  this  is  absurd.  This  instruction  has  mainly  been  given  by  the  physio¬ 
therapists,  and  it  might  be  of  interest  to  see  how  they  themselves  sit  while  working. 

Fig.  2  shows  photos  taken  with  24  minute  intervals  by  an  automatic  camera  (ROBOT)  during  the  final 
examination  of  physiotherapist  students  in  Copenhagen.  Most  of  them  sit  with  pronounced  flexion  of  the  backs 
In  postures,  which  have  nothing  to  do  with  the  upright  one  in  the  instrw  tions. 


Fig.2:  Danish  physiotherapy  students  during  a  four-hourly  final  examination. 


ANATOMY  OF  THE  SEATED  PERSON 

The  conformation  of  a  seated  person  has  been  unknown  to  most  doctors,  furniture  designers,  and  physio¬ 
therapists;  however  the  German  orthopaedic  surgeon,  Hanns  Schoberth,  has  carried  out  some  excellent  research 
on  problems  of  sitting  posture  (Schoberth,  1962).  The  diagrams  in  fig.  3  were  taken  from  his  book. 

When  standing  (A)  there  is  almost  a  vertical  axis  through  the  thigh  and  the  pelvis,  and  a  concavity,  or 

lordosis,  is  present  In  the  small  of  the  back.  When  a  person  Is  seated  (B)  the  thigh  is  horizontal,  the  hip  joint 

is  flexed  by  about  60°  and  the  pelvis  has  a  sloping  axis.  The  lumbar  region  then  exhibits  a  convexity,  or  kypho¬ 
sis.  Schoberth  found  in  X-ray  examinations  of  25  persons  seated  upright  an  average  flexion  of  60  in  the  hip 
joint  and  a  30°  flexion  in  the  lumbar  region.  Even  in  the  ordinary  relaxed  position  there  is  considerable  loading. 
If  it  is  necessary  to  bend  further  forward,  such  as  most  people  do  when  reading,  writing  or  drawing,  most 
of  the  movement  will  also  mainly  take  place  in  the  4th  and  5th  lumbar  discs,  which  are  thus  additionally  load¬ 
ed.  In  the  whole  of  the  breast  region  of  the  spine  there  Is  practically  no  movement  since  the  ribs  give  stability. 

When  stooping,  the  front  edges  of  the  lumbar  vertebrae  are  pressed  towards  each  other  with  considerable 

force  (50- 1 50  kgi  Thus,  the  lumbar  vertebrae  press  the  discs  back  towards  the  spine  while  the  rear  edge 
of  the  vertebrae  are  pulled  apart  with  a  corresponding  force.  Chronic  back  pains  are  often  localised  in  the 
lower  lumbar  region  and  sufferers  characteristically  find  they  cannot  sit  in  an  upright  position  for  any  length 
of  time.  Even  for  a  healthy  back  a  30°  flexion  seems  to  be  the  maximum  load  the  back  can  take  for  longer 
periods  (Keegan  1953). 

Akerblom  (1948)  found  an  average  flexion  of  35°  In  the  lumbar  region  of  20  persons  sitting  upright. 

The  American  orthopaedic  surgeon,  J.J.  Keegan  ( 1 953),  took  X-ray  photographs  of  individuals  lying  on  their 
sides  (fig.  4).  He  considered  a  posture  of  about  45°  flexion  of  the  hip  (c)  to  be  normal,  because  this  is  the 
position  one  assumes  when  lying  relaxed  on  one's  side.  In  this  conformation  there  Is  complete  balance  between 

the  muscles  at  the  front  and  back  of  the  pelvis.  When  standing  (a  and  b)  the  muscles  in  front  become  more 

tense  and  at  the  back  they  become  more  relaxed.  This  results  in  an  increased  lordosis  in  the  lumbar  region. 
When  sitting  (d  and  e)  the  muscles  at  the  back  are  more  tense  and  those  in  front  are  more  relaxed;  the  small 

of  the  back  is  normally  convex,  l.e.  It  displays  kyphosis,  which  Is  due  partly  to  the  tense  hamstring  muscles 

in  the  sitting  position.  The  conformation  illustrated  In  (e)  Is  very  nearly  the  posture  adopted  by  seated  school 
children  for  many  hours  each  day. 
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Fig.3:  Normal  anatomy  of  the  lumbar  region, standing  A  and  sitting  B  (from  Schoberth  1962) 


When  sitting  on  the  back  of  a  horse,  one  is  very  nearly  able  to  assume  Keegans  "normal"  posture  (c), 
as  the  thighs  are  elevated  by  about  30°.  When  the  hip  joint  has  a  flexion  of  60°,  one  can  sit  upright  with 
a  vertical  pelvis  without  bending  the  lumbar  region  (fig.  5). 


Ftg.4:  X-ray  photographs  of  an  individual  lying  on  his  side  (from  Keegan  1953). 


Most  children  Instinctively  tilt  forward  in  their  chairs  when  reading  and  writing  at  a  table  (fig.  6).  They 
obviously  feel  more  comfortable  in  this  position,  and  they  are  able  to  sit  with  a  straight  back.  With  an  elevation 
of  30°  In  the  thighs  and  a  flexion  of  60°  in  the  hip  joints,  they  only  have  to  bend  about  10°  In  the  lumbar 
region  to  obtain  an  eye  distance  of  about  30  cm  from  the  book.  Parental  training,  however,  has  forced  children 
to  give  up  this  practice. 

NEW  EUROPEAN  STANDARDS  ARE  HARMFUL  TO  THE  BACK 

During  the  last  century  the  average  height  of  man  has  Increased  about  10  cm  and  In  the  same  period  the 

height  of  the  tables  has  for  some  Incomprehensible  reason  been  reduced  by  almost  10  cm.  Since  the  visual  | 

distance  has  remained  the  same  -  for  grown  ups  about  30-40  cm  -  lower  tables  will  Inevitably  lead  to  a  more 

constrained  posture.  It  seems  obvious  that  higher  furniture  is  necessary  to  obtain  a  sitting  position  with  sloping 

thighs  and  preserved  lordosis  as  you  will  find  It  in  the  "Keegan  normal  position"  and  in  the  horse  rider. 

In  1982  The  European  Standardization  for  Office  Furniture,  CEN,  has  suggested  that  all  non-adjustable 
tables  should  be  of  72  cm  height.  No  explanation  for  the  advantage  of  these  very  low  heights  were  given, 
except  that  It  was  "to  achieve  good  postures".  No  names  were  given  of  the  persons  responsible  for  these  draft  j 

standards.  The  Influence  on  the,  posture  of  these  low  standards  have  never  been  controlled.  All  Is  based  on 


I 


aestetical,  moral,  technical  and  economical considerat Ions. 

A  few  years  ago  I  investigated  which  height  of  furniture  the  consumers  themselves  wanted  (Mandal,  1982). 
80  persons  were  asked,  and  almost  all  preferred  to  sit  about  15-20  cm  higher  than  the  mentioned  standards, 
provided  that  the  seat  and  the  desk  were  sloping  towards  each  other,  in  the  higher  position  they  felt  less  dis¬ 
comfort  or  pain  in  the  back  and  they  were  all  sitting  with  a  much  straighter  back. 


A-table  height  72cm 
CEN  standard 


B-table  height  82 


C-table  height  92cm 
Preferred  height 


The  feet  were  supported  by  a  transverse  bar  under  the  table  20  cm  above  ground  level  (to  achieve  the 
desired  table  height  of  72  cm),  and  for  20  minutes  the  girl  sat  reading  at  table  height  72  cm/chair  43  cm. 
During  this  period  5  pictures  were  taken  with  4  minute  intervals  by  an  automatic  camera  (fig.  7A).  For  the 
next  20  minutes  she  remained  seated  at  a  table  height  of  82  cm  (achieved  by  placing  the  feet  on  a  transverse 
bar  10  cm  above  ground  level)  chair  height  now  53  cm.  The  desk  and  the  seat  sloped  15°  towards  one  another 
(fig.  7B).  In  this  position  5  photos  were  also  taken  with  4  minute  intervals.  Finally  the  girl  was  asked  to  place 
her  feet  on  the  floor  to  achieve  a  table  height  of  92  cm,  measured  at  nearest  edge  (fig.  7C)  -  chair  height 
63  cm,  measured  at  axis  of  rotation.  In  all  three  situations  she  was  asked  to  sit  in  the  position  she  found 
most  comfortable.  No  instructions  were  given  concerning  body  posture  or  eye  distance.  The  same  experiment, 
using  3  table  heights,  was  repeated  for  10  days. 

To  control  the  flexion  of  various  parts  of  the  body,  well  defined  anatomical  points  were  marked  with  spots 
on  the  skin:  1)  knee-joint  (capltulum  fibulae)  2)  hip-joint  (trochanter  major)  3)  4th  lumbar  disc  (a  point  midway 
between  spina  illace  sup,  anterior  and  posterior)  4)  shoulder  joint  (acromion). 

RESULTS 


At  the  end  of  the  experiment  50  photos  of  each  of  the  3  situations  were  available.  The  skin  marks  were  con¬ 
nected  with  lines  on  the  pictures.  The  resulting  angles  between  these  lines  (hip  angle,  lumbar  angle)  were  mea¬ 
sured.  The  flexion  of  the  lumbar  region  was  found  to  be  an  average  of: 
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Flg.8:  Workpostures  with  european  standard  height  compared  to  the  preferred  height. 
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A:  42?  at  table  height  72  cm 
B:  25°  at  table  height  82  cm 
C:  10°  at  table  height  92  cm 
The  flexion  in  the  hip  joint  was  found  to  be: 

A:  57°  at  table  height  72  cm 
B:  50°  at  table  height  82  cm 
C:  42°  at  table  height  92  cm 
The  variations  are  of  course  highly  significant  (P<0.00001). 

In  all  the  reduction  of  flexion  in  the  lumbar  region  Is  32°  and  in  the  hip  Joint  15°.  This  means  that  the 
total  flexion  of  the  back  can  be  reduced  by  Q47°  by  increasing  the  height  of  the  table  and  chair  by  20  cm, 
providing  the  seat  and  table  top  slope  about  15°0  towards  on^  another.  0 

Finally  the  neck-angle  was  reduced  from  69  in  A  to  56  in  B  and  49  in  C. 

The  first  day  she  preferred  table  height  82  cm.  The  following  9  days  she  definitely  preferred  table  height 
92  cm.  The  disc  pressure  will  naturally  be  very  low  In  this  half  standing  position  with  preserved  lordosis  (An- 
dersson  1974). 

B.  OFFICE  EXPERIMENT 

Conclusions  from  a  laboratory  experiment  like  the  above  mentioned  should  always  be  considered  with  some 
reservation  as  the  person  is  away  from  her  usual  surroundings  and  this  may  affect  the  working  posture.  A 
more  realistic  view  of  posture  can  of  course  be  obtained  if  you  can  examine  people  in  their  daily  work.  But 
problems  with  registrations  of  various  postures  and  angles  have  so  far  made  this  difficult. 

To  try  to  overcome  this  problem  I  have  marked  the  same  anatomical  points  as  mentioned  above  by  marks 
fixed  to  the  clothes.  The  persons  were  asked  to  use  medium  tight  jeans  and  one  end  of  a  13  cm  long  white 
nylon  ruler  was  stitched  to  a  point  Just  outside  the  hip  joint.  The  other  end  of  the  ruler  was  stitched  to  the 
jeans  at  a  point  outside  4th  lumbar  disc.  In  this  way  the  axis  of  the  pelvis  and  the  hip  joint  was  marked  (fig. 

8).  Besides  tne  shoulder  joint  being  marked  by  a  white  tape  and  the  knee  joint  marked  by  a  cirkular  bandage 

(velcro),  both  were  marked  with  a  small  black  spot  for  measuring. 

For  this  experiment  all  10  secretaries  from  the  Dept.s.  of  Surgery  and  Plastic  Surgery,  Finsen  Institute, 
were  used.  Height  limits  were  160  to  178  cm.  Three  different  situations  were  examined. 

A:Read/write  table  72  cm  -5°  chair  49  cm  (CEN  recommend.) 

B:  Read/write  table  87  cm  tilt-chair  59  cm  (Mandal  recommend.) 

C:  Read/write  table  72  cm  tilt-chair  51  cm  (Bendix  recommend.) 

The  three  different  sitting  postures  were  maintained  for  15  minutes  each.  During  this  period  the  person 
was  left  alone  in  the  office.  She  was  instructed  to  sit  the  way  she  found  most  comfortable  and  asked  to  con¬ 
centrate  on  the  work.  The  pictures  were  taken  with  two  minute  intervals  resulting  in  7  pictures  of  each  situa¬ 
tion.  The  average  lumbar  flexion  was  reduced  by  17.1°  when  changing  from  European  Standard  furniture  (fig. 
8A)  to  a  15  cm  higher  workplace  with  tilting  chair  and  sloping  desk  (fig.  SB).  Besides  the  flexion  of  the  hip 
joint  was  reduced  by  7.1°.  This  means  that  the  flexion  of  the  back  (hip  Joint  plus  lumbar  region)  was  reduced 
by  24,2°. 


^  Flexion  of 


A.  72cm  (can)  8.  87cm 


10  Secretaries 


99,1 


Total  Back  Flexion 

Hip  Joint  Flexion 

Lumbar  Flexion 

P  «  0.005 
P  <  0.001. 


C.  72cm  (tb) 


Flg.9 


Flexion  of  the  back. 
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By  a  similar  experiment  with  typewriting  I  found  an  average  reduction  of  backflexion  of  9.2°  when  the 
CEN  furniture  (table  height  67  cm)  was  substituted  by  table  height  72  cm  and  a  higher  tilting  chair  (Fig.  9 
D+E). 

At  the  end  of  each  test  the  pressure  on  the  feet  was  measured  by  installing  a  bath  room  scale  under 
the  feet.  The  pressure  was  found  to  be  21%  of  the  bodyweight  in  A  compared  to  27%  in  B.  This  is  a  rather 
modest  increase  compared  to  the  fact  that  100%  of  the  bodyweight  is  on  the  feet  when  standing  (fig.  10). 

In  Scandinavia  there  have  within  the  last  few  years  been  attemts  to  use  the  tilling  chair  in  a  new  way. 

T.  Bendix  (1983)  preferred  a  distance  of  21  cm  between  tabletop  and  center  of  the  seat  and  positioned  the 

persons  entirely  back  on  the  rear  part  of  the  seat  (fig.  8C).  When  the  seat  tilted  forward,  the  distance,  how¬ 

ever,  was  reduced  to  16-17  gm.  When  the  tilting  chairs  were  used  in  this  way,  I  found  an  average  decrease 
of  the  lumbar  flexion  of  1.4°  compared  to  the  CEN  chair  and  an  increase  of  15.7°  compared  to  the  tilting 
chaij  with  tall  table  (fig.  8B).  Tom  Bendix  himself  found  a  reduction  of  lumbar  flexion  of  0,8°  when  using 
a  5  forward  sloping  seat.  The  comfort  estimation  of  the  T.B.  position  was  1.0  (1 -miserable).  The  persons  esti¬ 
mated  the  tilting  chair  with  tall  table  to  a  comfort  rate  of  4.6  (5-excellent).  The  comfort  estimation  of  the 
CEN  height  was  2.0.  P<0.001  (A-B). 


Comfort  evaluation 


C.  THE  INFLUENCE  OF  FURNITURE  HEIGHT  ON  BACK-PAIN 

Data  entry  personnnel  will  have  13  times  as  many  complaints  from  neck  and  shoulder  pains  than  traditional 
office  workers  (Grand jean  1983). 

A  group  of  13  data-entry  personnel  with  chronic  (daily)  pains  in  neck,  shoulder  and  back  were  investigated. 
Heights  limits  158-175  cm.  They  were  seated  on  a  hydraulic  chair  with  tilting  seat.  While  they  were  sitting 
keying-in,  the  height  of  the  chair  and  table  was  altered  to  a  height  in  which  the  pain  was  felt  least  pro¬ 
nounced.  Their  dally  work  station  was  then  adjusted  to  this  height. 


Fig.  11:  Seven  out  of  eleven  data-entry  operators  were  able  to  sit  permanently  with 
preserved  lordosis  in  an  upright  balanced  position. 
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After  a  2  month  trial  period,  during  which  the  person*  were  able  to  adjust  the  height  easily  while  working, 
I  found  that  eleven  had  adjusted  the  table  height  to  an  average  of  72.8  cm.  Chair  height  54.3  cm.  Only  two 
-  of  the  shorter  ones  -  had  preferred  to  remain  at  the  CEN  standard  height  of  65  cm. 

In  the  higher  sitting  position  the  average  flexion  of  the  back  (hip  +  lumbar  Joints)  was  12.4  less  than 
In  the  CEN  standard  position.  P<0.01.  Photoregistration  was  used  for  measuring. 

Seven  out  of  eleven  persons  were  able  to  sit  permanently  with  a  preserved  lumbar  lordosis  in  an  upright 
balanced  position  without  using  the  lumbar  support  (fig.  11).  The  position  was  very  similar  to  the  position  taken 
when  sitting  on  horseback.  The  remaining  four  were  sitting  with  lumbar  support  and  with  more  pronounced 
flexion  of  the  lumbar  region. 

Three  out  of  eleven  had  previous  problems  with  swelling  of  the  legs  -  they  all  reported  Improvement. 

Pain  Indication  with  visual  analogue  scale  was  35  mm  in  the  higher  position  compared  to  67  mm  in  the 
CEN  standard  position.  P«0.001.  100  mm  indicate  severe  pain  and  zero  no  pain  (Huskisson  1974). 


Severe  pain  =  100mm 


DISCUSSION 


The  modern  work  chair  and  table  may  be  considered  as  the  most  important  tool  in  the  industrialized  world. 
Most  forms  of  education,  administration  and  production  are  more  or  less  physically  based  on  this  furniture. 
Standardization  of  work  furniture  have  an  enormous  influence  on  the  well  being  of  us  all.  It  is  therefore  vital 
that  no  forms  of  standardization  should  be  accepted  before  the  influence  on  the  work  posture  has  been  tho¬ 
roughly  investigated. 

Unfortunately  this  responsibility  has  been  completely  neglected  in  such  vital  areas  as  the  International 
Standardisation  of  School  Furniture  (ISO  1978)  and  the  European  Standardisation  of  Office  Furniture  by  Comlttee 
EuropSen  de  Normalisation  (CEN  1982).  In  the  anonymous  papers  presenting  the  draft  standards  the  only  explana¬ 
tion  given  Is  that  "It  Is  to  achieve  good  posture".  Has  this  ever  been  experimentally  controlled??  Evidently 
the  CEN  standard  is  based  on  a  short  term  experiment  by  Joan  Ward  (1977  unpublished).  The  CEN  standard 
claims  a  table  height  of  72  cm  for  all  non-adjustable  office  tables.  The  majority  of  european  office  tables 
are  still  non-adjustable  and  the  few  exceptions  can  only  be  adjusted  a  few  cm  in  height.  About  50  years  ago 
the  table  heights  for  office  clerks  were  often  100-115  cm  snd  tables  for  school  children  about  80-90  cm.  In 
1978  ISO  suggested  70  cm  as  maximum  height'  of  the  tables.  As  the  visual  distance  has  remained  the  same 
this  inevitably  leads  to  more  constrained  postures. 

Lumbar  support  has  been  the  magic  formula  accepted  by  scientists  as  the  means  of  achieving  better  work- 
postures  and  it  is  also  the  ideological  background  for  standardisation.  This  type  of  support  is  of  course  only 
effective  in  the  reclined  position  -  with  the  gravity  point  behind  the  sitting  bones.  Most  forms  of  work,  how¬ 
ever,  take  place  in  the  forward  bent  position  with  the  gravity  point  in  front  of  the  sitting  bone.  To  achieve 
effective  lumbar  support  a  backward  sloping  seat  Is  necessary.  This  means  that  you  have  to  bend  even  more 
in  the  neck  region  to  establish  visual  contact  with  the  paper  on  the  table.  Consequently  the  back  problems 
of  todays  office  workers  are  more  frequently  located  In  the  neck  region.  On  a  backward  sloping  seat  the  front 
edge  will  press  into  the  back  of  the  thigh  and  tend  to  rotate  the  pelvis  backwards.  To  avoid  this  pressure 
the  chairs  have  become  lower  and  lower  -  and  this  also  leads  to  more  constrained  postures. 

The  new  CEN  standards  are  evidently  only  based  on  the  Investigation  of  Joan  Ward.  In  an  earlier  paper 
(1969)  Joan  Ward  has  demonstrated  that  school  children  will  only  use  the  lumbar  support  about  20-30%  of  the 
school  day.  In  her  recent  office  Investigation  the  demonstrated  that  clerks  will  also  only  use  the  lumbar  support 
about  20-30%  of  the  time  while  reading  and  writing  (this  probably  represents  the  time  when  they  take  small 
rest  periods). 

The  lumbar  support  idea  has  evidently  lead  to: 

1.  Lower  furniture. 

2.  Backward  sloping  seat. 

3.  Increased  pressure  In  the  knee  hollow. 

4.  Horizontal  desk  tops. 

My  Investigation  Indicate  that  all  these  factors  will  increase  the  back  flexion  and  strain  .  In  this  way 
the  lumbar  support  theory  and  the  standardisation  of  furniture  is  under  the  suspicion  of  causing  the  rapid  In¬ 
crease  of  backproblems  In  the  Industrialized  world.  In  several  meetings,  conferences  and  articles  I  have  again 
and  again  asked  for  an  explanation  or  an  excuse  for  the  present  type  of  furniture  and  standards.  Nobody  has 
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been  able  to  give  me  this.  Unless  the  anonymous  members  of  the  standardisation  bodies  are  able  to  give  some 
explanation  for  the  background  of  their  hazardous  medical  experiments  these  recommendations  should  be  can¬ 
celled  immediately.  Adjustable  chairs  and  tables  should  be  a  natural  human  right  as  the  people  who  sit  many 
hours  every  day  know  far  better  what  is  good  for  their  own  backs  than  any  member  of  the  standardisation 
bodies.  In  my  experiments  the  people  found  that  the  ISO  and  CEN  recommended  positions  were  the  most  un¬ 
comfortable  of  all  the  positions  tested. 

Prevention  of  back-ache  should  of  course  already  start  at  school  age.  This,  howe"er,  has  been  completely 
neglected  by  the  medical  profession.  Posture  training  has  been  tried  to  a  wide  extent  but  even  the  most  inten¬ 
sive  training  will  result  in  quite  unacceptable  working  postures  (Mandal  1982). 

Already  at  the  age  of  fourteen  60%  of  Danish  school  children  will  complain  of  head-ache  and  back-ache 
(Danske  Arkitekters  Landsforbund  1981).  They  believe  themselves  that  it  is  on  account  of  miserable  furniture. 
When  these  children  start  their  professional  lives  the  backs  have  probably  already  been  damaged  to  a  wide 
extent.  When  back  pain  start  in  office  workers  the  treatment  is  often  disappointing.  My  investigation  indicate 
that  the  pain  increases  with  flexion  of  the  lumbar  region.  It  seems  logical  to  reduce  this  flexion  by  the  methods 
described.  Especially  as  the  pain  often  will  be  reduced  in  the  same  second  as  the  reduction  takes  place. 

CONCLUSIONS 

Standardization  of  furniture  has  lead  to  lower  and  lower  furniture,  and  this  inevitably  leads  to  more  constrained 
sitting  postures.  This  is  probably  the  main  reason  for  the  rapidly  growing  amount  of  backsufferers.  Nobody 
has  controlled  the  effect  of  furniture  standardization  and  evidently  it  has  only  been  to  the  advantage  of  the 
architects,  standardization  people  and  manufacturers.  To  days  miserable  working  postures  ought  to  be  registered 
and  studies  with  automatic  camera  gives  a  possibility  to  compare  the  postures  with  various  furniture  during 
the  daily  work. 

It  is  suggested  that  we  in  the  future  to  a  higher  extent  consult  the  consumers  and  let  them  decide  what 
type  of  furniture  they  prefer. 
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discussion 


WILDER,  US i  What  evidence  do  you  have  for  stating  that  a  greater-thar.-90*  angle  between  the  fe¬ 
mur  and  the  trunk  is  a  balanced  position?  Do  you  see  any  problem  with  some  of  the  anteriorly-tilted 
seats  suddenly  moving  out  from  beneath  the  seated  subject,  similar  to  a  melon  seed  squirting  out  be¬ 
tween  the  fingers? 

MANUAL,  DAi  You  asked  first  about  ’balanced*  or  "not  balanced*  positions.  In  my  paper  I  showed 
a  drawing  by  an  American  orthopedic  surgeon,  Keegan  (J.  Bone  Joint  Surg.i  35A:  589-603,  1953),  who  has 
made  X-rays  of  persons  lying  on  their  sides.  When  you  lie  in  bed,  you  adopt  this  position;  you  never 
lie  straight  or  in  a  right-angled  position.  You  automatically  assume  this  balanced  position  when  you 
lie  on  your  side.  You  also  assume  this  balanced  position  when  you  sit  on  horseback.  I  suppose  all  the 
joints  are  balanced  in  this  position  and  that  is  the  way  the  body  as  a  whole  functions  best.  You  men¬ 
tioned  sliding  backwards  from  the  seat.  I  have  never  heard  of  any  serious  problems  of  this  kind.  As  I 
indicated,  a  large  part  of  the  population  in  Denmark  la  now  using  forward-sloping  seats.  You  may 
choose  between  two  types.  There  is  one  type  which  is  floating  freely,  and  here  there  is  a  remote 
chance  of  falling  down.  If  you  have  a  chair  with  wheels,  then,  on  a  hard  surface,  it  is  rather  lively; 
but  most  of  the  ones  that  are  made  now  lock  in  various  forward-bent  positions,  which  means  that  you 
won't  have  the  risk  that  it  suddenly  tilts  forward.  A  more  serious  problem  is  that  data-entry  oper¬ 
ators  will  get  back  problems  after  4  or  5  years  of  work;  the  majority  of  them  will  then  seek  medical 
treatment.  We  all  accept  this  as  happening  after  a  few  years  of  work;  however,  we  are  very  worried 
about  the  fact  that  a  single  person  nay  fall  on  the  floor  when  using  a  forward-sloping  seat. 

HAGENA,  GE>  Could  your  investigations  possibly  be  brought  together  with  flying  personnel  or 
driving  personnel?  We  did  some  investigations  on  sitting  positions  for  drivers  in  our  orthopedic 
clinic  in  Germany.  We  thought  a  backward-reclined  position  would  be  better  and  you  showed  it  would  be 
better  in  a  forward  position.  Can  you  comment  on  that? 

MANDAL,  DA:  Mainly,  I  have  been  interested  in  office  workers  and  school  children,  but  I  have  al¬ 
so  looked  at  helicopters  to  get  some  ideas  about  the  seating  problems  there.  As  I  mentioned  earlier, 
the  drivers  of  the  Vienna  wagons  sit  on  a  forward-sloping  seat:  they  have  done  this  for  hundreds  of 
years  and  they  are  in  a  perfectly  balanced  position.  If  they  use  a  flat-surfaced  seat  (zero  slope) , 
then  they  will  have  back  problems,  because  when  you  sit  hunched  over  you  are  locked  in  the  worst  pos¬ 
sible  position,  when  you  sit  in  an  easy  chair  —  in  tractors  and  elsewhere  they  make  deep  easy  chairs 
—  you  cannot  work,  because  you  have  to  bend  forward  to  be  in  visual  contact  with  the  instruments  or 
the  ground  on  a  farm;  and  you  have  to  sit  bent  in  a  locked  position  for  around  80-909  of  the  time.  I 
think  it  would  be  an  excellent  idea  to  collect  data  on  the  old  Vienna  wagons  as  they  do  on  horse-back 
riders.  They  treat  back  pains  today  by  horseback  riding. 

VAN  den  biggelaar,  NE:  As  you  may  know,  modern  fighters  have  inclined  seats.  The  F16  has  seat- 
back  angles  of  0*,  maybe  5*.  My  experience  in  the  Netherlands  is  that  we  have  quite  a  few  pilots  who 
have  been  flying  for  years  and  have  developed  low  back  pain;  and  some  have  even  been  operated  on  for 
herniated  intervertebral  discs.  I  was  very  reluctant  to  let  these  pilots  fly  on  the  FI 6  with  its  back¬ 
wardangled  seat;  not  because  of  the  tilt  angle  per  se,  but  because  of  the  G-load.  Very  surprisingly, 
we  have  had  very  few  problems  with  low  back  pain  in  the  pilots  flying  in  the  tilt-back  seat,  compared 
to  the  sane  pilots  flying  in  the  straight-backed  seat.  This  may  support  your  theory  that  the  lumbar 
spine  and  hip  flexions  are  much  less  in  the  F16  than  in  previous  aircraft,  which,  in  turn,  nay  be 
easier  on  the  lower  spine.  Do  you  agree  with  that? 

MANDAL,  DA:  I  don't  know  very  much  about  the  seating  position  in  fighter  planes,  but  I  suppose 
you  have  to  lie  reclined.  You  cannot  sit  upright  in  fighter  planes;  and,  when  you  have  to  sit  re¬ 
clined,  then  I  suppose  there  are  additional  problems  too.  I  suppose  they'll  get  neck  problems. 

VAN  DEN  BIGGELAAR,  NB:  The  problems  have  switched  from  low  back  problems  to  neck  problems. 

MANDAL,  DA:  That’s  what  happened  in  the  office,  too.  When  you  use  the  lumbar  support,  you  are 
forced  to  sit  leaning  backwards;  and  then  you  get  the  problem  of  neck  pressure,  because  you  have  to 
bend  the  neck  much  more  than  before. 

VAN  DEN  BIGGELAAR,  NE:  Then  there  is  the  dynamic  load  on  the  cervical  spine  because  of  the  turn¬ 
ing  of  the  head  under  the  G-load.  That  is  another  problem  though.  My  experience  in  the  Dutch  fighter 
community  is  that  lower  back  pain  with  the  tilt-back  seats  is  much  less  frequent  than  in  older  types  of 
aircraft. 

VAN  INGEN,  08 i  How  are  you  measuring  the  height  of  your  table?  I  was  looking  at  your  picture 
and  I  can't  figure  out  if  it  is  the  height  to  the  base  of  the  table  or  to  the  slope. 

MNDAL,  DA:  It  is  determined  to  the  nearest  part  of  the  table.  In  fact,  the  book  is  placed 
about  8  or  10  cm  higher,  which  means  that  the  92  cm  is  a  minimum.  The  book  is  lying  in  a  position 
about  100  cm  high,  and  that  is  quite  high,  because  the  girl  is  171  cm  tall. 

VAN  INGEN,  U8:  So  it  is  to  the  base  of  the  table. 

MNDAL,  DA:  It  is  to  the  lmest  part  of  the  table;  and  the  height  of  the  chair  is  measured  at 
the  center  of  the  rotation,  because  that's  the  only  part  that  remains  permanent. 
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SUMMARY 


Although  it  is  often  suggested  that  chronic  lov  back  pain  in  professional  drivers  is  related  to 
vibration  or  posture,  we  have  only  a  limited  theoretical  framework  to  work  with.  Veil  organised, 
prospective  epidemiological  studies  may  demonstrate  that  chronic  low  back  pain  in  drivers  or  pilots  is 
related  to  "high  levels"  of  vibration  or  "poor"  posture.  However,  they  will  get  us  little  further 
without  the  theoretical  base. 

In  this  paper,  it  is  assumed  that  chronic  back  pain  is  dependent  primarily  on  disc  degeneration  and 
that  disc  degeneration,  in  turn,  arises  from  fatigue-induced  damage  to  the  vertebral  end-platen  or  to  the 
tissues  of  the  annulus.  It  will  be  shown  that  in  either  case,  time  to  failure  is  related  to  an 
exponential  function  of  stress  such  that  instantaneous  stress  maxima  are  more  important  than  long  term 
(e.g.  r.m.s.)  stress  values.  Ve  usually  assume  that  some  frequency  weighting  function  is  needed  to 
predict,  from  vehicle  vibration,  the  spinal  stress  thst  may  lead  to  malfunction.  This  function  may  be 
baaed  on  equal  discomfort  contours,  biomechanics  data  or  a  simple  model. 

It  is  shown  that  baaic  assumptions  on  the  effects  of  stress  and  on  frequency  weighting  can  markedly 
affect  the  evaluation  of  particular  vibration  environments. 


IBTRODUCTIOM 


There  have  been  a  number  of  epidemiological  studies  of  the  health  of  vehicle  drivers  and  these  are 
reviewed  in  Andreyeva-Galanina  and  Karpov  (1)  Dupuis  i  Zerlett  (2),  Hasan  (5),  Heide  (4),  Heide  ft  Seidel 
(5),  Kohl  (6),  Sandover  (7),  Vihko  ft  Hasan  (8)  and  Vlckstrom  (9).  Although  spinal  disorders,  digestive 
and  cardio- vascular  problems  have  been  observed,  one  finds,  in  general,  that  spinal  disorders  are  the 
most  Investigated  and  offer  reasonably  consistent  findings.  The  evidence  is  not  fully  convincing,  as  few 
of  the  studies  meet  the  requirements  of  Troup  (10)  vis  standardised  data  gathering  and  matching  controls 
coupled  with  prospective  investigation.  However,  the  data  generally  suggeat  an  increased  and/or 
premature  risk  to  health  typified  by  the  data  of  Kohne  et  al  (11)  illustrated  in  Fig  1 . 


Fig.  I.  Morbidity  of  driver*  exposed  to  vibration  (after  Kohne  et  al  (II)) 
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These  data  relate  to  sorting  with  vehicles  where  vibration  is  a  significant  element  of  the 
environment.  However,  they  do  not  necessarily  mean  that  vibration  is  the  only  aetiological  factor  -  both 

Troup  (10)  and  Shanahan  (12)  have  emphasized  the  role  of  posture  -  nor  do  they  throw  much  light  on  the 

relationship  between  vibration  and  degree  of  risk.  Vith  the  current  state  of  knowledge,  even  the  best 

epidemiological  investigations  can  only  demonstrate  that  chronic  low  back  pain  in  drivers  or  pilots  is 

related  to  "high  levels"  of  vibration  or  "poor"  posture.  To  obtain  objective  data  sufficient  to  generate 
dose-response  relationships,  one  needs  precise  clinical  criteria,  occupational  case-histories  and 
environmental  descriptions  and  these  demsnd  some  theoretical  framework.  In  the  case  of  vibration  and 
back  pain  we  need  to  know  the  following: 

(i)  the  source  of  back  pain  in  terms  of  identification  and  location  of  mclfunction 

(li)  (assuming  that  it  has  an  influence)  how  vibration  leads  to  malfunction  together  vith  the 
effect  of  other  influences  on  malfunction 

(ill)  the  relevant  dynamic  parameters  (acceleration,  displacement  or  force?)  and  the  degree  of 
effect 

(iv)  the  influence  of  time  scale  and  frequency 

(v)  the  relationahip  between  some  measurable  quantity  (e.g.  seat  acceleration)  and  the  relevant 
dynamic  parameter  at  the  point  of  malfunction. 

The  aim  of  this  paper  is  to  throw  some  light  on  the  five  points  above.  Then,  the  consequent 
requirements  for  environmental  descriptions  (for  use  in  epidemiological  work)  will  be  considered,  using 
available  data  and  some  reasonable  assumptions. 

THE  SOURCE  OF  BACK  PAIR 


Pain  is  an  "abnormal  emotional  state"  (Vyke  (13))  and  low  back  pain  is  notoriously  difficult  to 
deal  with.  It  has  psychological  as  well  as  physiological  and  physical  aspects.  If  one  limits  the 
discussion  to  chronic  low  back  pain,  then  one  has  to  consider  both  mechanical  interference  and 
inflammatory  action.  However,  one  can  argue  (Hachemaon  (14)  A  (13)  and  Sandover  (7))  that  the 
intervertebal  disc  and  its  degeneration  are  central  to  considerations  of  chronic  low  back  pain.  The 
lower  lumbar  vertibrae  appear  to  be  the  most  involved. 

MALFUNCTION  AND  MECHANICAL  LOADING 


The  intervertebral  disc  relies  on  nutrient  diffusion  through  the  end-plates  and  annulus  and  the 
nutritional  condition  at  the  centre  is  probably  precarious.  Both  end-plate  malfunction  and  annulus 
malfunction  can  therefore  be  expected  to  lead  to  disc  degeneration  and  I  have  hypothesised  (Sandover 
(16))  that  dynamic  compreaaive  forces  at  the  end-plate  or  dynamic  loads  on  the  annulus  (arising  from 
shear,  bending  or  rotation  of  the  intervertebral  joint)  can  lead  to  fatigue-induced  malfunction. 

Poor  or  constrained  posture  can  be  expected  to  lead  to  muscle  fatigue  and  to  muscular,  articular  or 
ligamentous  pain.  In  addition,  posture  affects  the  frequency-dependent  vibration  transmission  behaviour 
of  the  body  (Sandover  (17))  and  there  is  some  evidence  to  suggest  that  dynamic  intradlacal  pressures  are 
related  to  posture  (Sandover  4  Andersson  -  paper  in  preparation).  Posture  is  not  considered  further  in 
this  paper,  but  it  is  clear  that  it  has  to  be  taken  into  account  in  any  occupational  case-history. 

DYNAMIC  PARAMETERS,  DEGREE  OP  EFFECT  AND  TIME  SCALE 


The  hypotheses  mentioned  above  refer  to  fatigue-induced  failure,  compressive  forces  at  the  endplate 
and  shear,  bending  or  rotation  of  the  intervertebral  Joint.  Compressive  forces  at  the  end-plate  clearly 
arise  from  compression  of  the  intervertebral  Joint,  but  (in  the  form  of  lntra-discal  pressure)  they  may 
also  arise  from  bending  or  torsion  at  the  intervertebral  Joint  (Berkson  (18)  Schultz  et  al.  (19))* 

The  Influence  of  fatigue-induced  failure  is  important  as  regards  degree  of  effect  and  time  scale. 

The  fatigue  process  in  metals  is  complex  (Smith  (20)).  However,  under  cyclic  loading  there  is  usually  a 
relatively  simple  logarithmic  relationship  between  the  applied  stress  and  the  number  of  cycles  to 
failure.  Lafferty  and  Raju  (21), (22)  have  developed  a  function  to  predict  the  affect  of  dynamic  loading 
(in  bending)  of  bone  (Including  human  vertebral  bone),  taking  into  account  the  static  failure 
characteristics  of  the  bone  and  the  cyclic  frequency.  The  number  of  cycles  to  failure  (N)  is  given  by: 

-W 

where  <"  is  the  applied  dynamic  stress,  6"*,  is  the  static  failure  stress  and  x  -  7.7. 

This  is  illustrated  la  fig.  2. 

Also  illustrated  in  fig.  2  is  an  indication  of  the  relationship  found  by  Carter  et  al.  (23)  for  bony 
tissue  under  compression. 

These  data  could  be  expected  to  apply  roughly  to  the  intervertebral  endplates  and  subchondral  bone 
but  not  necessarily  to  annular  tissues.  However,  Velghtman  (24,  25)  has  investigated  the  fatigue 
properties  of  femoral  articular  cartilage  and  his  relationship  (with  an  assumption  of  application  to  a 

single  cycle  to  failure)  is  also  illustrated  in  fig.  2. 
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Fig.  2  Fatigue  life  of  animate  tissues. 

Straight  lines  represent  the  functions  N 


If  one  assumes  that  mechanical  loading  and  fatigue  are  at  the  root  of  mechanically  induced 
malfunction  of  the  disc  then,  whatever  the  actual  hypothesis,  fig.  2  shows  that  the  Lafferty  A  Raju 
relationship  will  be  a  useful  description  with  x  somewhere  between  5  and  20. 


This  has  an  important  consequence.  An  exponential  function  is  involved  so  that  an  Increase  in 
dynamic  stress  or  a  reduction  in  strength  has  a  disproportion*!  effect  compared  with  increase  in  duration 
of  exposure.  This  would  suggest  that  current  methods  of  vibration  evaluation,  based  on  weighted  r.m.s. 
acceleration,  underestimate  the  risk  to  health  if  the  vibration  contains  significant  peaks.  One  feels 
Intuitively  that  this  is  probably  true  and  Qrlffin  A  Vhitham  (26)  have  successfully  applied  the  r.a.q. 
(4th  power  equivalent  to  r.m.s.)  method  to  predicting  subjective  intensity.  The  line  for  x-4  is 
illustrated  in  fig.  2. 


One  can  carry  the  engineer's  approach  to  metal  fatigue  one  step  further  and  apply  the  Palmgren-Miner 
hypothesis  to  obtain  a  doss-response  relationship.  The  hypothesis  states  that  the  degree  of  fatigue 
damage  is  given  by 


n f 


where  n*  is  the  number  of  cycles  at  a  particular  stress  level#* 
and  >g  is  the  number  of  cycles  for  failure  at  that  stress  level. 


The  effect  of  a  particular  vibration  environment  is  then  given  by 
'dose')  by  lY  nt(4)x  where  It  is  a  constant  related  to  the  strength  of  th< 

A  similar  function  with  x*4  is  currently  proposed  for  revisions  of  ISO  2631  and  B3I  DD32 


.-x  or  (expressed  as  a 
isiue. 


Using  this  approach  one  eaa  establish  a  dose-response  relationship  sufficient  to  compare  and 
enumerate  different  vibration  environments  met  in  epidemiological  Investigations.  This  is  possible 
without  detailed  knowledge  of  the  damaging  process  provided  that  one  has  a  value  for  x  and  provided  that 
one  knows  the  relevant  dynamic  stress  parameter  (e.g.  compression  or  bending)  and  can  estimate  its 
magnitude. 


BXTBRHAL  MEASUREMENTS  TO  ESTIMATE  INTERNAL  STRESSES 


Although  It  would  be  preferable  to  measure  stress  or  even  strain  at  the  end  plate  or  annulus,  this 
Is  clearly  Impractical.  We  need  to  estimate  these  from  external  measurements  (on  the  person,  the  seat  or 
the  vehicle).  It  is  usual  to  measure  the  seat  acceleration  and  then  to  apply  a  frequency  weighting 
function.  This  does  not  allow  an  estimate  of  an  absolute  value  of  internal  stress  or  strain,  but  the 
method  is  sufficient  to  facilitate  comparison  of  different  seat  vibrations  in  terms  of  their  predicted 
effect. 

Very  often  (e.g.  ISO  2630  the  weighting  function  is  developed  from  a  pragmatic  standpoint,  taking 
into  account  available  laboratory  data  and  information  on  the  effects  of  particular  types  of  vehicle. 

An  alternative  is  to  use  man  as  his  own  measuring  device  and  use  contours  of  equal  subjective 
intensity.  This  is  a  valuable  approach  in  a  complex  situation.  Unfortunately,  there  are  very  few  data 
on  subjective  response  targetted  on  sensations  in  the  lumbar  spine.  One  also  has  to  consider  if 
transient  (i.e.  obtained  at  an  experiment)  pain  or  discomfort  are  good  measures  of  the  stress  or  strain 
under  consideration. 

Another  alternative  is  the  use  of  a  biodynamic  model  or  biodynamic  data.  The  simple  compressive 
model  used  in  the  'Dynamic  Response  Index'  (27,  28)  is  a  good  example  of  the  former.  Seat  to  head 
transmissibility  data  are  sometimes  suggested  as  a  frequency  weighting  function.  However,  head-nodding 
is  an  artifact  that  may  affect  most  of  the  available  data  and  the  input  force:acceleration  transfer 
function  (corrected  for  unsprung  mass)  may  give  a  better  estimate  of  compressive  forces  in  the  lumbar 
spine.  The  ISO  2631  weighting  function,  the  DRI  model  response  and  a  typical  apparent  mass  spectrum  are 
illustrated  in  fig.  3* 


Fig.  3  Possible  weighting  functions 


However,  a  simple  compressive  model  tlone  may  be  insufficient  to  explain  vibration  stress  in  the 
lumbar  spine.  I  have  suggested  (17)  that  bending  (arising  from  a  rocking  motion  of  the  pelvis)  may  be 
the  source  of  resonance  effects  rather  than  buttock  or  spinal  compression  (see  also  Frolov  4  Potemkin 
(29)  and  Huijens  (30)).  In  a  reanalysis  of  the  data  of  Christ  and  Dupuis  (31)  we  have  shown  (Sandover  A 
Dupuis  -  paper  in  preparation)  that  there  can  be  about  a  degree  of  relative  angular  motion  at  the 
intervertebral  Joint  during  exposure  to  sinusoidal  seat  vibration  of  1m/s2  r.m.s.  The  spectrum  of 
response  shows  a  very  sharp  roll  off  (C24  dB/octave)  above  about  4  Hi,  and  a  weighting  function  based  on 

these  data  would  be  even  less  influenced  by  high  frequency  vibration  than  the  D.R.I.  or  apparent  mass 

models. 

This  raises  the  question  of  different  bases  for  the  most  simple  model.  The  D.R.I.  model  is  based  on 
the  compression  of  the  spring  of  a  single  degree  of  freedom  system.  This  has  a  12dB/octave  roll  off  at 
high  frequencies.  A  modal  based  on  acceleration  of  the  mass  (transmissibility)  or  force  would  have  a 
6dB/octave  roll  off.  Both  Indicate  a  rather  sharp  resonance  and  do  not  satisfy  the  pragmatic  standpoint 
mentioned  above.  However,  one  must  be  aware  tl.at  the  averaging  process  tends  to  smooth  data  and  remove 

sharp  resonances  so  that  group  data  (whether  from  biodynamio  or  subjective  responses)  often  hide 
individual  behaviour  that  changes  rapidly  with  frequency. 


PRACTICAL  APPLICATION  0?  THE  ABOVE 

a)  Relevance  of  fatigue-induced  failure  hypotheses 


It  may  sound  far-fetched  to  suggest  that  vehicle  vibration  leads  to  material  fatigue  in  human 
tiaauea.  Hovever,  it  is  shown  below  that  it  may  be  possible.  Indeed  Carter  et  al  (23)  suggest  that 
fatigue  resistance  is  so  low  that  remodelling  must  occur  so  that  bone  fatigue  damage  accumulation  is 
physiologic  rather  than  pathologic. 

To  obtain  an  idea  of  the  relevance  of  material  fatigue  we  need  to  know  the  failure  stress  for  the 
spinal  tissues  and  the  applied  repetitive  stress  arising  from  exposure  to  vehicle  vibration.  I  have 
calculated  (7)  that  a  vehicle  vibration  of  about  2  /s2  r.m.s.  will  lead  to  0.8M.Pa  (peak  to  peak)  disc 
pressure.  Our  analysis  of  actual  disc  pressure  measurements  (Sandover  i  Andersaon  -  paper  in 
preparation)  suggests  that  the  value  say  be  about  IK. Pa.  These  values  are  about  one  tenth  of  the 
pressure  for  end-plate  fracture.  Ve  can  obtain  a  similar  ratio  using  a  gross  approach:  2  m/s2  r.m.s.  at 
the  seat  will  be  (after  taking  resonance  into  account)  equivalent  to  some  10  a/s2  peak  to  peak  at  the 
lumbar  spine.  The  Dynamic  Response  Index  indicates  a  50?  probability  of  injury  at  22g  -  i.e.  approx.  220 
m/s2.  However,  this  refers  to  gross  vertebral  damage  and  halving  this  value  for  minor  damage  is  not 
unreasonable.  Then,  once  again,  the  stress  from  2  m/s2  vibration  is  roughly  one  tenth  of  the  failure 
load.  If  we  consider  bending  and  annular  stress,  I  have  calculated  (7)  the  failure  value  to  be  at  about 

20°  bending.  Our  analysis  of  spinal  motion  referred  to  above  indicates  that  about  2°  of  bending  between 

adjacent  vertebrae  may  be  expected  at  2  m/a2  r.m.s.  Thus  is  each  case,  it  seems  that  the  stress  arising 

from  2  m/s2  r.m.s.  is  about  one  tenth  of  the  failure  stress. 

If  we  consider  vibration  at  5  Hs  (probably  the  most  damaging  frequency),  then  a  working  day's 
exposure  results  in  about  1  x  105  reversals.  If  we  now  return  to  the  Lafferty  and  Raju  function 
for  and  x  ■  8,  failure  is  predicted  to  occur  at  10®  reversals  (i.e.  1000  working  days).  If  x  - 

5  (as  from  Carter  et  al)  then  failure  ia  predicted  to  occur  at  105  reversals  (i.e.  1  day). 

Clearly  fatigue  failure  is  a  possibility,  though  much  depends  on  the  value  of  x  that  applies  and  on 
the  recovery  processes  involved. 

b)  Expected  influence  on  evaluation  methods 

To  consider  the  influence  of  the  various  possible  approaches  to  vibration  evaluation,  a  variety  of 
exranential  functions  and  frequency  weighting  functions  ware  applied  to  a  vibration  signal.  The 
following  were  used: 

Scoring  methods:  r.m.s.;  r.m.q;  a  simple  range  counting  method  (as  used  for  fatigue  work  -  see 

Dowling  (32))  coupled  with  Pa  lag ran  Kiner  summation  and  using  an  exponential  value  of  x  »  8 

Frequency  Weightings:  unweighted;  ISO  2631  weighting;  DRI  model. 

This  waa  carried  out  using  analogue  weighting  networks  applied  to  the  signal  before  digital 
treatment  on  a  CED  502  data  analysis  system.  Prior  to  digitisation,  all  signals  were  low-pass  filtered 
(100  Hs  cut  off,  24  dB/Octave) 

Random  signals,  essentially  flat  but  rolling  off  at  18  dB/octave  from  a  set  frequency,  were  used  to 
simulate  vehicle  vibration.  To  differentiate  between  'low','  medium'  and  'high'  frequency  acceleration 
spectra,  the  roll-off  frequences  were  set  to  5,  15  and  50Hs.  The  unweighted  signals  all  had  a  crest 
factor  of  the  order  of  2.5. 

The  scores  arising  from  the  various  methods  of  evaluation  were  normalised  so  that  the  unweighted 
score  for  each  type  of  signal  and  each  evaluation  method  equals  100.  The  resulting  scores  are  given  in 
Table  1. 


1 

I 


! 

i 


13-6 


Weighting 

T sB*8e 

r.m.q. 

range  count 

signal 

Unweighted 

100 

100 

100 

Roll  off 

ISO  weighting 

85 

86 

53 

@  5Hx 

DBI  model 

56 

56 

0.9 

Unweighted 

100 

100 

100 

Roll  off 

ISO  weighting 

80 

83 

39 

@l5Ha 

DRI  model 

57 

58 

1.6 

Unweighted 

100 

100 

100 

Roll  off 

ISO  weighting 

45 

45 

0.1 

@  50Ha 

DRI  model 

28 

28 

0.002 

TABLE  1 


Comparison  of  the  scores  of  different  weighting  methods  and  different  methods  of 
evaluation  for  three  types  of  signal.  Scores  are  normalised  to  the  unweighted 
score. 

As  one  might  expect  the  weighting  method  influenced  the  resulting  score.  Also,  the  'high'  frequency 
signal  affected  the  pattern  of  this  influence. 

The  figures  for  r.m.s.  and  r.m.q.  are  similar.  This  suggests  that  although  r.m.s.  and  r.m.q.  give 
difference  scores,  this  difference  is  consistent  and  one  can  predict  one  from  the  other.  Griffin  4 
Whitham  (26)  refer  to  ISO  weighted  r.m.s.  and  r.m.q.  scores  from  a  variety  of  vehicles  and  their  data 
show  the  r.m.q.  score  to  be  consistently  about  30 %  higher  than  the  r.m.s.  score.  This  all  suggests  that 
the  r.m.q.  is  of  no  real  value  -  it  doesn't  differentiate  between  vehicles  better  than  r.m.s.  and  it  can 
be  predicted  from  r.m.s.  anyhow.  However,  the  analysis  here  (and  probably  the  vehicles  measured  in  (26)) 
involves  relatively  low  crest-factors.  The  r.m.q.  probably  proves  its  value  at  higher  crest  factors. 

The  range-count  score  is  influenced  much  more  by  the  various  weighting  methods.  This,  however,  is 
not  primarily  because  x  -  8  is  large:  If  one  takes  the  eighth  root  of  the  range-count  score  to  mirror 
the  fourth  and  square  root  of  r.m.q.  and  r.m-s.,  then  the  resulting  pattern  of  effects  is  closely  similar 
to  that  for  r.m.s.  and  r.m.q.  This  raises  the  question,  should  we  indeed  take  roots  when  attempting  to 
obtain  a  dose-value.  The  root  simply  brings  the  score  to  an  'equivalent  acceleration'.  It  does  not 
give  a  'dose*  and  it  tends  to  camouflage  the  difference  between  signals  as  regards  their  relative  effect. 

Unfortunately,  it  was  not  possible  to  investigate  high  crest  factor  signals,  nor  the  effect  of  the 
phase  characteristics  of  the  weighting  function.  Clearly,  both  need  to  be  done.  The  phase 
characteristics  of  a  weighting  network  can  be  expected  to  affect  peak  values  and  higher  crest  factor 
signals  can  be  expected  to  have  a  greater  influence  on  scoring  methods  using  large  exponentials  (i.e. 
where  x£  4). 

The  range-count  method  is  rather  crude  and  may  underestimate  fatigue  (Dowling  32).  It  would  seem 
therefore  that  the  differences  found  in  this  very  simple  experiment  probably  underestimate  the 
differences  in  score  arising  from  different  weightings  and  evaluation  procedures. 

COHCLUSIOHS 


The  epidemiological  evidence  suggests  that  occupational  exposure  to  vibration  may  lead  to  earlier 
onset  or  increased  incidence  of  degeneration  in  the  lumbar  Bpine.  However,  we  wish  to  develop 
dose-responae  relationships  for  general  application,  we  need  to  know  much  more.  Different  scoring 
methods  and  weighting  functions  can  lead  to  markedly  different  evaluations.  Epidemiological 
investigations  should  include  measurement  of  vibration,  but  should  not  rely  only  on  simple  evaluation 
methods  such  as  weighted  r.m.s.  acceleration. 
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DISCUSSION 


QUANDIEU,  FR;  You  have  advanced  the  hypothesis  that  the  first  element  that  leads  to  chronic  pain 
in  the  spinal  column  is  the  fatigue  of  biological  tissues.  Another  question  that  could  be  asked  is: 
"Why  not  the  reverse"?  Why  could  it  not  be  the  pain  which  leads  to  fatigue?  This  is  the  first  com¬ 
ment.  The  second,  and  probably  the  most  important  one,  is  that  the  concept  cf  fatigue  is  completely 
ignored  in  biology.  Absolutely  no  definition  concerning  the  fatigue  of  biological  tissues  exists;  none 
at  all.  Yet,  you  attribute  the  fatigue  of  the  biological  tissues  to  fatigue  of  the  mechanical- type  of 
structure.  So,  for  a  series  of  loadings  and  unloadings,  there  exists  a  degradation  of  the  mechanical 
properties  of  the  structures  which  leads  to  the  Lafferty  (Aviat.  Space  Environ.  Med.  49:  170-174,  1978) 
and  Carter  (J.  Biomec h.  14:  461-470,  1981)  models,  which  you  have  taken  as  correct.  On  the  contrary,  I 
believe  that  they  are  both  wrong,  for  at  least  two  reasons.  First,  in  a  biological  medium,  there  is  no 
excitation  which  can  result  in  rupture  of  the  system  in  an  environment  with  admissible  levels  of  vi¬ 
bration;  thus,  it  is  not  necessary  to  look  for  ruptures.  Second,  it  is  possible  that  another  inde¬ 
pendent  phenomenon  ,  called  porosity,  exists.  This  could  help  to  explain  why  there  is  a  stabilization 
of  the  structure  in  spite  of  the  presence  of  vibration. 

SANDOVER,  UKs  This  is  a  problem  because,  in  general,  we  assume  that  biological  materials  repair 
themselves  anyhow.  However,  I'll  give  you  one  example  of  a  possibility,  which  we  have  heard  mentioned 
three  or  four  times  today:  microfractures  in  the  spine.  One  possibility  is  that  one  does  get  micro¬ 
fractures  in  the  vertebral  body,  just  under  the  cartilaginous  endplate.  These  microfractures  occur 
with  ordinary  levels  of  vibration;  and,  normally,  it  doesn't  really  matter.  However,  when  they  repair, 
they  repair  with  the  wrong  tissue,  so  then  there  is  a  poor  situation  for  nutrient  flow  between  the  disc 
and  the  body  of  the  vertebrae.  That's  one  hypothesis  that  I've  worked  on.  I  agree  that  gross  fracture 
perhaps  isn't  the  mechanism,  because  this  would  imply  that  the  whole  vertebral  body  is  breaking  down. 
Rather,  my  hypothesis  is  that  small  fractures  lead  to  other  problems. 

QUANDIEU,  FR:  I  am  not  convinced  that  this  is  an  excellent  remark  because  the  work  of  Van  Sickle 
(AGARD  Conference  Proceedings  No.  322,  pp.  1-1  to  1-3)  and  Eurell  (Report  AFOSR-TR-82-1087)  demon¬ 
strated  that  the  same  type  of  microfractures  occur  in  alveolar  tissues  following  shocks.  Therefore, 
there  are  two  profoundly-dif ferent  excitations  that  can  lead  to  the  same  biological  phenomenon,  and 
this  is  at  least  one  too  many. 
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Abstract 

The  transmissibility  of  the  human  spine  to  vertical  G^vibration  was  up  to  now  investiga¬ 
ted  mainly  by  measurements  on  the  body-surface  andthe^head.  As  it  is  known  that  vibration 
transmission  between  skin-soft  tissue-bone  is  not  linear, we  thought  it  necessary  to  insert 
percutaneous  K-wires  into  the  spinous  process  for  direct  measurements.  In  11  healthy  sub¬ 
jects  at  various  defined  heights  of  the  spine  including  the  head  the  amplitude  ratio  was 
measured  to  the  sacrum  and  in  comparison  to  the  shake  table.  The  tests  were  performed  in 
standing  and  sitting  position  on  a  shake  table  with  vibration  control  system.  The  natural 
frequency  of  the  spine  was  confirmed  by  additional  in-vitro  tests  on  isolated  lumbar  spine 
segments  under  special  conditions. 

Results : 

The  human  spine  acts  as  a  vibration  system  with  three  defined  areas  of  resonance.  The  spinal 
column  causes  an  absorption  up  to  the  head.  Rigid  body  segments  as  well  as  fusion  of  spinal 
segments  lead  to  increased  strain  in  neighbouring  segments.  This  was  proved  by  in  vivo  as 
well  as  in  vitro  investigation.  A  new  set-up  for  in  vitro  tests  was  developed. 


Introduction 

In  order  to  resolve  an  aspect  of  the  biomechanics  of  the  human  spinal  column  a  study  was 
performed  in  which  the  vibration  and  absorption  of  the  spinal  column  in  response  to  acce¬ 
leration  was  measured  from  the  spines  of  healthy  subjects  and  lumbar  material  gained  from 
autopsies. 

Todays  technological  environment  exposes  a  large  variety  of  people  to  mechanical  vibrations 
and  partly  to  extreme  accelerations.  Numerous  studies  exist  concerning  the  effect  that  to¬ 
tal  body  exposure  to  vibration  has  upon  the  circulatory  system,  the  respiratory  function 
and  the  sensory  organs.  There  are  also  studies  which  deal  with  the  subjective  feelings  and 
also  the  effects  of  vibrations  on  the  sceletal  system. 

In  connection  with  the  national  and  international  standaxj  ization  to  avoid  harmful  effects 
caused  by  such  mechanical  vibrations  the  derived  relevations  were  acknowledged  by  the  Ger¬ 
man  Industrial  Norm  Organisation  (OIN,  1974)  end  by  the  International  Organisation  of  Stan¬ 
dardization  (ISO,  1984). 

From  the  past  known  publications  which  dealt  with  the  influence  of  vertical  forces  upon 
the  spinal  column  each  study  was  concerned  with  a  specific  segment  of  the  spinal  column, 
for  example  the  cervical  spine  and  the  lumbar  spine.  Various  measuring  techniques  were  ap¬ 
plied  from  which  conclusions  were  drawn  concerning  the  total  spine  (tab.  1). 


table  1; 


Response  of  the  Hunan  Spine  to  Vertical  vibration 


Author 

Year 

Examination 

Method 

DIECKMANN 

1960 

head/ shoulder 

accelerometer 

DUPUIS 

1960 

cervical  spine 

cinematography 

CHRIST  and 

DUPUIS 

1963 

cervical  spine 

x-ray-  cinemato¬ 
graphy 

KRAUSE 

1963 

lumbar  spine 

strain-gauge 

KRAUSE 

1963 

4  -  T4 

galvanometer 

with  reflectors 

LANGE  and 

COERMANN 

1965 

L3/R  '  4/5 

Hg  -  tubes 

CHRIST  and 

DUPUIS 

1966 

lumbar  spine 

K-wl re-method 

GRIFFIN 

1982 

head 

accelerometer 

GARG 

1982 

head 

accelerometer 

16-2 


CHRIST  and  OUPUIS  (1963  and  1966)  are  presently  the  only  authors  who  with  the  use  of  x-ray 
cinematography  of  the  cervical  spine  and  with  a  Kirschner-wire  method  of  the  lumbar  spine 
were  able  to  make  direct  measurements  conducted  from  the  vertebrae.  Their  results  described 
the  resonance  at  a  frequency  of  4  Hz.  This  conclusion  corresponds  with  the  studies  made  by 
HOLLER  (1939),  SCHMITZ  (1959)  and  COERHANN  (1963)  who  performed  measurements  from  the  head. 
They  made  these  conclusions  and  described  them  for  the  entire  body.  These  data  are  present¬ 
ly  still  recognized  as  the  international  norm.  These  findings  are  quite  different  from  those 
found  by  acceleration  measurement  of  6ARG  (1982)  who  described  5  peaks  between  2  and  43  Hz 
(fig.  1). 


fig  1:  Transmission  of  sinusoidal  vibra¬ 
tion  from  seat  to  head  in  vertical  direc- 
tion-Z 

DUPUIS,  1984 


As  can  be  demonstrated  with  the  x-ray  of  a  44  year  old  patient  who  underwent  a  spinal  fusion 
between  L  5  and  S  1  an  often  subsequent  result  is  spondylarthrosis  in  the  neighbouring  in¬ 
tervertebral  joints.  These  types  of  changes  are  also  often  found  in  connection  with  conge¬ 
nital  ankylosis  of  two  vertebrae  or  following  ankylosing  spondylitis  (fig.  2). 
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Hypothesis  I 

Based  upon  our  knowledge  derived  from  literature  it  is  known  that  the  human  spinal  column 
behaves  like  a  vibration  system  (e.a.  v.  GIERKE,  1976).  From  this  fact  we  derived  the 
question  whether  the  system  is  influenced  by  such  changes  as  for  example  spinal  fusion, 
ankylosis  of  vertebrae  and  if  such  disturbances  can  lead  to  pathological  changes  at  normal 
neighbouring  spinal  column  segments. 

In  order  to  prove  this  hypothesis  it  appears  necessary  to  clairify  the  question  as  to  how 
this  vibration  system  of  the  spinal  column  actually  behaves.  It  was  therefore  first  of  all 
necessary  to  measure  the  acceleration  of  patients  with  a  normal  spinal  column. 

Method 

After  ARTMANN  et  al.(1976)  realized  that  the  transmission  from  bone  -  subcutaneous  tissue  - 
to  skin  was  not  linear  examinations  were  then  performed  with  accelerometers  by  percuta- 
neously  inserted  Kirschner-wires  fixating  them  at  the  spinous  process  of  the  vertebral  body 
Transmission  from  the  vertebral  body  -  spinous  process  -  Kirschner-wire  to  the  accelerome¬ 
ter  was  examined  in  pre-tests.  This  was  performed  on  16  spinal  segments  each  consisting  of 
1  to  3  vertebrae  on  a  shake  table  with  an  acceleration  were  performed  with  an  accelerometer 
from  the  Fa.  8RUEL  and  KJAER  Type  4315,  Delta  shear.  The  vibration  was  derived  from  a  con¬ 
trol  and  analytical  system  from  the  Fa.  GenRad,  2503  (fig.  3). 


fig. 3:  Pilot  model  for  acceleration 
measurements  (cervical  segment  on 
the  shaker) 

The  isolated  insertion  of  Kirschner-wire  with  a  diameter  of  1.8  mm  and  a  distance  between 
the  bone  and  the  accelerometer  of  between  2  and  3  cm  was  checked,  the  preparations  were 
treated  as  follows: 

The  transmitting  lenght  between  the  vertebral  body  end  the  spinous  process  was  varied  with 
an  insertion  depth  between  1-2  cm.  Exposing  the  spinal  segments  to  a  constant  pressure, the 
set-up  of  the  test  was  similar  to  that  used  by  KAZARIAN  (1972).  It  was  possible  to  prove  a 
direct  linear  transmission  of  the  acceleration  with  a  use  of  those  pre-tests.  In  other 
words,  the  acceleration  measured  corresponded  to  the  stimulation. 

Procedure 

Me  now  carried  out  measuring  the  acceleration  on  healthy  subjects.  The  acceleration  measu¬ 
rements  were  performed  on  11  volunteers  of  which  9  were  males  end  2  were  females  with  an 
average  of  26  years,  1.75  m  tall  and  weighing  69  kg.  The  subjects  were  positioned  on  the 
shake  table  and  exposed  to  sinusoidal  vibration  of  constant  acceleration  of  0.2  g  and  bet¬ 
ween  3-40  Hz  in  the  Z-axis.  The  vibration  was  introduced  in  the  standing  end  sitting  posi¬ 
tion  a)  at  the  feet  b)  at  the  pelvis  (fig.  4). 
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shake  table 


vibration  unit:  GenRad  2503  vibration  control  system 
shaker  R  ft  S  1507 


fig.  4:  Experimental  set-up:  Humeri  subject  -  shake 
table 

The  possibility  of  any  pre-existing  pathological  spinal  column  affections  were  ruled  out 
with  first  performing  x-rays.  After  the  testing  we  also  checked  the  vertebral  body  which 
was  being  used  for  measuring  purposes  with  an  x-ray  and  marked  it  with  rings. 

The  set-up  of  the  experiment  was  devised  so  that  the  position  and  posture  could  be  main¬ 
tained  relatively  unrestricted  troughout  the  examinations.  The  Kirschner-wires  were  inser¬ 
ted  with  a  long  lasting  local  anesthetic.  The  following  levels  of  the  spinal  column  were 
considered  representative:  L  5,  L  4,  L  1,  Th  6,  C  7.  For  an  isolated  examination  of  the 
spine  excluding  the  influence  of  the  lower  extremities  an  additional  accelerometer  was  fi¬ 
xed  at  the  sacral  bone  and  connected  to  the  register.  Another  accelerometer  was  shopped  on 
the  head  (fig.  5/6). 


fig. 5/6:  Human  subjects  in  upright  standing  end  sitting  position  on  the  shaker 
K-wires  inserted. 
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The  measured  accelerations  at  the  individual  vertebrae  were  converted  by  the  system  into 
the  amplitude  ratio  and  these  values  were  then  incorporated  into  a  curve  in  relation  to 
the  frequencies.  The  amplitude  ratio  is  the  result  of  the  quotient  of  the  amplitude  deri¬ 
ved  at  the  measuring  point  and  from  the  stimulating  amplitude.  For  the  evaluation  of  the 
isolated  spinal  column  response  the  stimulated  amplitude  at  the  shaker  and  the  amplitude 
measured  at  the  sacral  bone  were  taken  into  account. 

For  our  purposes  the  resonance  frequencies  require  special  attention  because  this  is  where 
the  response  is  liable  to  be  pathologic.  It  is  necessary  to  avoid  any  large  increase  of 
strain  within  resonance  areas. 


Results 

For  illustration  one  subject  demonstrates  in  the  upright  position  first  the  situation  in¬ 
cluding  the  lower  extremities  with  the  point  of  reference  at  the  shake  table.  Secondly 
the  point  of  reference  is  the  sacral  bone  which  relates  the  isolated  individual  curves  re¬ 
sulting  along  the  spinal  column  up  to  the  head  (fig.  7/8). 
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fig. 7/8:  Response  to  the  vertebral  column  of  one  subject  with  reference  to  the 
shaker  and  to  the  os  sacrum. 

In  regard  to  the  first  situation: 

Combining  the  legs  with  the  pelvis  shows  a  definite  increase  of  all  the  resulting  poten¬ 
tials  reaching  a  factor  of  1.7  at  4  Hz.  There  is  a  small  wave-like  increase  reaching  a 
factor  1.1  at  8  Hz  and  an  additional  increase  at  20  Hz  at  the  head  atteining  a  value  of 
1.8. 

In  the  second  case: 

The  only  increases  which  can  be  demonstrated  are  at  L  5  and  L  1  reaching  the  factor  1.3 
at  4  Hz.  In  practically  each  segment  there  is  a  demonstrative  increase  of  the  factor  up  to 
1.4  at  8-9  Hz.  In  this  situation  the  resonance  at  20  Hz  yields  a  factor  1.5  which  is  less. 

In  both  cases  it  is  possible  to  detect  3  resonance  areas.  The  apparent  fact  is  that  the 
increase  at  4  Hz  for  the  entire  body  at  the  spinel  column  is  very  insignificant,  especially 
at  l  5  and  L  1.  The  isolated  measurements  from  the  spinal  column  show  an  obvious  increase 
at  8  Hz. 

For  each  of  the  individual  measuring  points  in  the  spinal  column  a  mean  value  was  deter¬ 
mined  from  the  single  curves  derived  from  the  11  subjects.  They  are  determined  in  the 
standing  and  sitting  position.  These  curves  only  represent  the  response  of  the  spinal 
column  which  was  measured  by  the  amplitude  of  the  sacral  bone  to  the  corresponding  spinal 
column  segment. 

While  standing,  maasurad  at  a  frequency  of  4  Hz,  L  5,  L  1  and  C  7  showed  a  marked  increase 
of  acceleration,  as  a  result  of  augmented  strain.  The  increase  at  8  Hz  is  qualitatively 
equally  large,  the  difference  is  not  significant.  This  demonstrates  that  the  thoracic  spine 
is  set  into  motion  together  with  L  1  an  d  C  7.  At  L  4  and  especially  at  the  head  there  is 
only  a  minimal  increase.  The  vibrations  at  these  levels  are  well  absorbed  (fig.  9). 
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HUMAN  SUBJECTS:  STANDING  ERECT  REF.: OS  SACRUM 


fig. 9:  Average  frequency  response 
Human  subjets:  standing  position 
Reference  point:  os  sacrum 

The  sitting  position  demonstrated  that  the  increase  at  4  Hz  significantly  decreases,  since 
the  body  weight  is  less.  Conversely  the  response  of  the  spinel  column  vibration  at  8  Hz  re¬ 
mains  unchanged.  It  is  not  possible  to  interpret  reliably  the  values  beyond  the  frequency 
range  at  20  Hz.  There  is  also  an  absorption  for  the  head  (fig.  10). 

HUNRN  SUBJECTS:5ITTING  ERECT  REF. :0S  SACRUM 


C7 


THS 

LI 

14 

LS 


fig. 10:  Average  frequency  response 
Human  subjects:  sitting  upright 
Reference  point:  os  sacrum 


The  first  question  can  therefore  be  answered  es  follows: 

It  is  possible  to  demonstrate  3  reaonence  arses  at  the  spinal  column  from  which  the  range 
at  7-10  Hz  can  be  deaigneted  as  the  independent  resonance  of  the  spine. 


At  the  head  the  vertically  introduced  vibrations  are  absorbed  up  to  40  %  at  every  frequency 
The  absorption  varies  at  the  different  levels  of  the  spinal  column  at  the  given  frequencies 


Hypothesis  II 

Further  investigation  is  required  as  to  whether  and  how  pathologically  altered  spinal  co¬ 
lumns  can  influence  these  results.  This  can  be  experimentally  tested  either  in  vivo  on  sui- 
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table  patients  or  in  vitro  on  spinal  columns  from  autopsies.  The  reliability  of  the  exami¬ 
nation  of  patients  seemed  only  to  be  of  value  in  a  prospective  study. 

First  it  was  necessary  to  clairify  whether  the  complicated  biomechanics  of  the  spine  could 
be  reproduced  in  correlation  to  the  response  of  the  above  experiment.  The  lumbar  spine  ap¬ 
peared  suitable  to  us,  also  especially  because  of  it's  clinical  relevance. 

Procedure 

During  the  pre-testing  we  used  a  constant  potential  at  which  however  no  resonance  could  be 
determined . 

The  reconsideration  that  the  masses  overlying  each  spinal  segment  are  more  or  less  unre¬ 
stricted  in  their  mobility,  led  us  to  the  idea  to  construct  an  experiment  with  frictionless 
placed  masses.  The  set-up  of  the  experiment  was  devised  so  that  the  exerted  force  could 
simulaneously  be  measured  cranially  and  caudally  (fig.  11) 
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fig. 11:  Experimental  device  for  the  lumbar  spine 
vibration 

The  appropriate  masses,  correlating  to  the  body  weight  according  to  how  NACHEMSON  (1969) 
had  calculated  the  exerted  force  on  segment  L  3,  revealed  an  increase  above  factor  4. 

By  using  a  35  kg  load  we  created  a  similar  transmitting  situation  for  the  lumbar  spine 
which  was  an  adequate  adaption  of  the  in  vivo  situation.  The  results  are  presented  here 
logarithmically.  The  lumbar  spine  by  itself  without  any  other  body  involvement  reveals 
now  to  only  have  a  resonance  range  between  6-10  Hz  (fig.  12). 
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fig. 12:  Response  of  lumbar  spine  in  vitro 
reference  point:  os  sacrum 

In  regard  to  this  we  conducted  a  total  of  9  operative  procedures  to  clairify  whether  these 
would  alter  the  response.  Me  performed  a  one-side  dessection  of  the  pars  interarticularis 
at  l  5.  Here  the  operative  situation  and  the  x-ray  to  document  the  correct  localisation  of 
the  spondylolysis  is  being  shown.  Afterwards  the  lysis  was  performed  on  both  sides. 

Results 

A  one-sided  lysis  had  no  apparent  affect.  Conversely  the  curve  representing  the  change  of 
the  amplitude  ratios  shows  a  decline  of  increase  at  the  side  of  the  resonance  for  the  dou¬ 
ble-sided  spondylolysis  up  to  a  value  of  factor  0,5  (fig.  13/14). 


! 
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fig. 13:  Operation:  artificial  fig. 14:  Difference  of  frequency, 

spondylolysis  (  L5-one  side  )  response , operation-type :  spon¬ 

dylolysis  (  L5-oae  side  ) 

Next  a  spinal  column  segment  is  fused,  as  was  done  here  in  this  experiment  between  L  4  and 
L  5  with  a  compression-  or  distraction  spondylodesis.  Compression  at  segment  L  4  demonstra¬ 
tes  a  decrease  to  0.5  and  at  L  2/L  1  a  greater  increase  also  of  around  the  factor  0.5.  The 
distraction  even  causes  a  stronger  increase  up  to  a  factor  of  1.0  onward  from  L  3.  This  im¬ 
plies  an  increase  of  the  amplitude  ratio  possibly  up  to  40  %  that  means  an  increased  strain 
on  these  segments  (fig.  15/16). 


fig.  15:  Operation:  artificial 
distraction-spondylodesis 
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fig. 16:  Difference  of  frequency  response 
Operationtype:  distraction-spondylodesis 

The  following  deductions  can  be  made: 

Throught  the  set-up  of  the  tests  it  was  possible  to  simulate  in  the  experiment  the  in  vivo 
measured  response,  since  the  resonance  values  for  the  spinal  column  also  resulted  to  lie 

between  6-10  Hz.  Fusions  cause  an  increase  of  the  amplitudes  within  the  neighbouring  seg¬ 

ments  and  therefore  impose  an  increased  strain. 

Conclusions 

The  human  spinal  column  acts  as  a  vibration  system  with  attached  masses  when  exposed  to 
forced  vibration.  The  spinal  column  has  the  potential  to  absorb.  Of  the  3  demonstrated  re¬ 
sonance  areas  4-5  Hz  corresponds  with  the  entire  body  and  the  area  between  7-10  Hz  repre¬ 
sents  the  spinal  column.  The  resonance  at  about  18  Hz  can  be  representative  for  the  head. 

The  absorption  of  the  spinal  column  causes  a  decrease  at  the  head  up  to  40  %. 

Rigid  segments  like  the  pelvis  or  the  thoracic  spinal  column  as  well  as  operative  induced 

fusions  cause  a  build-up  of  vibrations  in  the  resonance  area  at  the  neighbouring  segments. 
Therefore,  these  areas  are  exposed  to  an  increased  amount  of  strain  and  are  most  likely 
subject  to  degenerative  changes.  The  development  of  the  set-up  of  reproducable  conditions 
for  in  vitro  examinations  of  spinal  response  to  sinusoidal  G  -vibration  was  achieved.  The 
experimental  set-up  enables  the  possibility  to  examine  furthlr  questions. 
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DISCUSSION 

SAN  DOVER,  UKi  I'd  like  to  congratulate  both  authors  (Papers  Nos.  16  and  17)  on  the  very  dif¬ 
ficult  places  of  work  they  are  doing.  Those  of  us  Involved  with  ordinary  neasurenents  of  vibration 
transmissibillty  f row  the  outside  find  it  bad  enough j  but  when  you  start  getting  onto  the  vertebrae,  it 
is  very  very  difficult  indeed.  Professor  Dupuis  showed  some  tine  ago  that  there  is  a  lot  of  bending  at 
the  vertebrae,  and  I  wonder  how  you  took  this  into  account.  Pron  the  description  here,  you  assumed 
that  the  vertebrae  were  noving  in  one  direction.  Were  you  able  to  correct  for  the  actual  rotational 
notion  of  the  vertebrae? 

HAG  ENA,  GE:  I  described  this  method  of  measurement  about  two  years  ago,  when  I  indicated  that  I 
only  measured  it  in  the  one  direction.  I  didn't  neasure  the  rotational  component,  or  the  horizontal 
component;  only  the  Gz  component. 

WILDER,  US:  I'd  also  like  to  congratulate  you  on  a  very  nice  piece  of  work.  Did  you  happen  to 
notice  any  effect  of  the  local  anesthesia  on  the  response?  I  presume  that  might  have  been  difficult 
since  the  control  for  that  type  of  observation  would  have  to  be  unanesthetized. 

HAGENA,  GE:  I  can  only  add  that  I  was  the  first  person  to  have  undergone  this  experiment.  I 
fell  asleep  on  the  shake  table  and  the  people  around  me  cried  out:  *What  happened?*,  because  seme  of 
the  responses  on  the  T.V.  were  not  quite  right:  so  I  woke  up  and  we  started  over  again.  It  shows  that 
there  must  be  some  muscle  support  to  maintain  the  position.  We  got  reproducible  results,  and  we  also 
assumed  some  experimental  positions  two  or  three  times  to  see  if  it  was  possible  to  replicate  them.  I 
have  to  say,  though,  that  I  should  have  averaged  the  results  as  there  are  individual  changes  between 
subjects. 

LANDOLT,  CA:  Have  you  any  explanation  as  to  why  Andersson  (Paper  No.  17)  did  not  get  the  re¬ 
sonance  peak  at  7-10  Hz  that  you  did?  Also,  when  you  found  that  up  to  40%  of  vibration  was  absorbed 
from  the  sacrum  to  the  head,  was  that  in  reference  to  standing  or  sitting  positions,  or  both? 

HAGENA,  GE:  I  do  not  have  an  explanation  for  why  Andersson  did  not  find  this  particular  re¬ 
sonance.  The  absorption  of  vibration  was  in  reference  to  both  standing  and  sitting. 

WILDER,  US:  I  didn't  notice  it  on  the  schematic  of  your  shaker,  but  did  you  also  shake  the 
feet?  Was  the  seat  unit  on  which  the  subjects  were  sitting  attached  to  a  foot-support  unit?  I  know 
that  Andersson' s  unit  did  have  a  foot  support. 

HAGENA,  GE:  I  didn't  have  a  foot  support. 

WILDER,  us:  That  may  have  introduced  a  rotational  vibration  in  the  lower  limbs. 

HAGENA,  GE:  The  sitting  positions  in  our  experiments  were  stable.  We  had  a  fixed  support  on  the 
table,  or  had  a  free-standing  support:  and  there  were  only  differences  when  we  had  a  free-standing  sup¬ 
port,  because,  in  some  manner,  waves  were  Introduced  through  the  ribs. 


17-1 


IN  VIVO  MEASUREMENTS  OF  VIBRATION  TRANSMISSION 
IN  THE  HUMAN  SPINE 
(An  Abstract) 
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Manohar  M.  Panjabi,  Tek.  Lie.,  Dr.  Tech. 
Lars  Jorneus,  M.S. 
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Although  conclusive  evidence  does  not  exist,  there  are  many  epidemiological 
surveys  suggesting  an  increase  risk  of  low  back  pain  in  persons  exposed  to  vibrations. 
Theoretical  calculations  indicate  that  spinal  motion  segment  components  can  be  stres¬ 
sed  by  whole  body  vibration  exposure  to  the  degree  that  fatigue  failure  can  occur. 
Further,  it  is  also  known  that  vibration  can  interfere  with  disc  nutrition. 

Several  studies  have  been  published  in  which  the  response  of  the  trunk  as  a 
whole  to  vibration  was  measured.  These  measurements  were  usually  made  with  a  single 
uniaxial  accelerometer  placed  on  the  head  of  the  subject  or  at  some  place  on  the  sur¬ 
face  of  the  trunk.  The  output  accelerations  have  then  been  related  to  the  input,  i.e., 
vibration  transfer  functions  have  been  calculated,  in  this  paper  we  report  on  in  vivo 
experiments  in  which  vibration  was  measured  in  the  three  principal  directions  in  the 
sagittal  plane  with  accelerometers  attached  directly  to  lumbar  vertebrae  in  human  vo¬ 
lunteers  . 

MATERIALS  AND  METHODS 


The  study  was  performed  on  five  healthy  volunteers.  The  vibration  exposure 
was  provided  using  a  special  vibration  exciter  that  is  based  on  a  resonating  system. 
Using  this  exciter  the  subjects  were  vibrated  when  sitting  with  sinusoidal  vertical 
accelerations  of  0 . lg  and  0.3g  (0.98  and  2.94  m/s2)  in  a  frequency  range  from  2  to 
15  Hz.  Vibration  along  the  spine  was  measured  at  three  different  points,  two  lumbar 
vertebrae  and  the  sacrum.  Measurements  were  made  with  the  plane  motion  acceleration 
transducer  (PAT) ,  consisting  of  three  linear  accelerometers  mounted  in  a  special 
configuration  on  an  aluminum  fixture.  The  transducer  was  mounted  on  a  K-wire  which  was 
inserted  into  the  spinous  processes  and  the  sacrum.  The  PAT  accelerometer  measurements 
were  validated  using  several  fresh  cadaveric  functional  spinal  units  mounted  on  an 
electro-mechanical  vibrator. 

The  vibration  amplitude,  which  was  measured  by  an  accelerometer  placed  on  the 
seat,  was  kept  constant  while  the  frequency  was  varied  in  several  steps  from  2-15  Hz. 

At  each  step,  ings  were  made  for  about  30  s.  The  output  from  each  PAT  was  transformed 
to  its  corresponding  vertebral  body.  This  was  done  using  a  mathematical  model  with  the 
help  of  measurements  taken  from  lateral  photographs  of  each  subjects  as  well  as  a  late¬ 
ral  x-ray  of  the  spine.  Transfer  functions  were  then  calculated  and  defined  as  the  ra¬ 
tio  of  the  vertebral  or  sacral  acceleration  in  a  given  direction  to  the  vertical  seat 
acceleration.  Rms-values  were  used  in  all  analyses.  Temporal  relationships  between  the 
vertebral  acceleration  and  the  seat  acceleration  were  documented  by  measurements  of  the 
phase  angle.  The  subjects  were  sitting  directly  on  a  force  plate  and  thus  the  vertical 
force  between  the  seat  and  the  subject  was  also  plotted  as  a  function  of  the  frequency. 

RESULTS 


The  vertical  acceleration  transfer  functions  for  the  five  subjects  were  quite 
similar.  They  reached  a  peak  value  of  about  1.6  at  about  4.5  Hz,  and  decreased  to  about 
0.5  at  7  Hz  and  then  remained  constant  for  the  rest  of  the  observed  frequency  range. 

The  transfer  functions  for  the  horizontal  accelerations  increased  from  about  0.2  to  the 
maximum  of  0.8.  There  was  no  resonance  along  the  horizontal  translation  within  the  fre¬ 
quency  range  studied.  Transfer  functions  for  the  rotatory  accelerations  show  significant 
variation  in  response  between  subjects.  The  curves  appear  to  peak  at  about  5  Hz,  close 
to  the  resonance  frequency  for  the  vertical  acceleration. 

The  phase  angle  for  the  vertical  acceleration  was  throughout  negative  indica¬ 
ting  that  the  vertebral  acceleration  lags  behind  the  seat  acceleration.  The  curves  start 
at  zero  value  and  decrease  to  about  -60  degrees  at  about  6  Hz,  and  then  slowly  increase. 
Force  measured  from  the  force  plate  and  plotted  versus  frequency  yielded  curves  that 
were  similar  to  those  for  the  vertical  vertebral  transfer  functions. 

Accelerations  measured  at  the  two  vertebral  levels  (LI  and  L3)  did  not  differ 
significantly.  There  was  no  significant  difference  in  the  system  response  for  O.lg  and 
0.3g  inputs. 
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CONCLUSIONS 

Pure  vertical  sinusoidal  input  to  the  body  produces  vibrations  of  the  lumbar 
vertebrae  that  are  not  only  vertical  but  also  horizontal  and  rotatory.  The  resonance 
frequency  of  the  lumbar  vertebrae  in  the  vertical  direction  was  4.5  Hz,  in  the  hori¬ 
zontal  direction  beyond  the  upper  limit  of  the  experiment,  and  for  the  rotatory  motion 
it  was  5  Hz. 
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RESUME 

Afin  d'dtudier  la  propagation  d'un  choc  mdcanique  appliqud  8ur  la  colonne  vertdbrale 
d'un  primate  bioinstrumentd ,  lea  auteurs  ont  ddveloppd  un  systAme  de  commande  numdrique 
du  signal  de  choc.  Disposant  d'un  accd IdromA t re  implantd,  il  eat  passible  d'imposer,  au 
point  d' implantation,  une  forme  temporelle  d 1 accd  Id  rat  ion  choisie  par 
1 1 expdr imen ta teu r .  L'excitation  mdcanique  eat  effectude  A  l'aide  d'un  pot  vibrant 
d lectrodynamique  sur  lequel  est  fixd  la  base  du  siAge  de  contention  de  l'animal.  Le 
signal  dlectrique  envoyd  sur  le  pot  vibrant  est  calculd  numdriquement  par  un 
min  iordina  teu  r. 

Le  systAme  ca  leu le  un  filtre  compensant  exactement  les  caractdriatiques  du  systAme 
gdndrateur  de  vibration.  II  tient  dgalement  compte  des  caractdriatiques  dynamiques  de 
la  structure  biologique. 

Cette  technique  repose  sur  1'hypothAse  de  lindaritd  et  d' invariance  dans  le  temps  de 
la  structure  biologique.  Toutefois,  l'invariance  dans  le  temps  n'eat  ndeessaire  que  sur 
des  intervalles  de  temps  brefs.  Oe  mAme,  du  fait  de  l'algorlthme  rdtroactif  utilisd, 
une  parfaite  lindaritd  n'est  pas  ndeessaire. 

La  mdthode,  ses  limites  et  les  moyens  mis  en  oeuvre  sont  exposds.  Les  rdsultats 
obtenus  sont  rapportds. 


INTRODUCTION 

Le  but  du  travail  prdsentd  eat  de  mettre  au  point  un  systAme  susceptible  de  permettre 
1 ' appl icat  ion  A  une  structure  biologique  -  dans  le  cas  d'eapAce  une  colonne  vertdbrale 
de  primate  -  une  excitation  reprdsentde  par  un  signal  transitolre,  A  transmission 
3olidienne,  parfaitement  connu  et  parfaitement  reproductible,  en  particulier  sur  la 
forme  d'onde. 

L'intdrdt  de  ce  travail  se  ddveloppe  tant  au  plan  de  la  physiologie  fondamentale, 
qu'au  plan  de  la  physiologie  appliqude  A  l'ergonomie  adronautique  ou  plus  gdndralement 
A  l'ergonomie  des  moyens  de  transport. 

IntdrAt  en  physiologie  fondamentale  parcequ'il  est  indispensable,  pour  caractdriser 
le  comportement  dynamique  d'une  structure,  d'en  connaltre  sa  rdponse  impulsionnelle. 

Les  rdsultats  obtenus  lorsqu'un  choc  est  appliqud  au  niveau  du  sacrum,  par 
1 ' in termdd la  i  re  d'une  broche  vissde  sur  la  face  antdrieure  de  la  vertAbre,  ont  dtd 
prdsentds  A  la  rdunion  Agard  qui  s'est  tenue  A  Cologne  en  evril  1982  (1).  Le  travail 
que  nous  rapportona  aujourd'hui  est  une  dtape  supp Idmental re  puisqu'elle  nous  permet 
d'appliquer  le  choc  par  vole  externe. 

IntdrSt  dgalement  en  physiologie  appliqude  puisque  nous  sommes  maintenant  en  mesure, 
grAce  au  systAme  que  nous  avona  ddveloppd,  d'appliquer  aux  indlvidus  des  signaux 
recuelllla  sur  le  site.  II  s'agit  dvidemment  des  facteurs  d'agression  physique  de 
1 ' env  ironnement  -  chocs,  impacts  et  vibrations  -  transmis  aux  individus  au  cours  de 
ddplacementa  de  vdhicuies,  de  transports,  ou  de  combats,  adriens  ou  terrestres. 

I  -  POSITION  DU  PROBLEME 

1.1  -  CHOIX  DU  SIMULATEUR 

II  existe  dlverses  sortes  de  machines  d'essai  au  choc,  c'est-A-dire  de  disposltlfs 
destinda  A  soumettre  un  systAme  A  des  chocs  mdcaniques  commandds  et  reproductibles.  La 
norme  NF  E  90-001  n°  328  distingue  une  dlzalne  de  types  de  machines.  Parmi  celles-ci  se 
trouvent  les  aystAmes  A  action  purement  mdcanique  i  grevitd,  ressort,  plan  inclind, 
etc...  Ce8  aystAmes  donnent  dee  formes  temporeiles  (profile)  d' accdldration 
reproductibles  male  imposdes  par  construction  et  de  forme  simple.  Par  contre,  lorsque 
l'on  ddslre  reproduire  avec  prdcision  la  forme  temporelle  d'un  signal  d' accdldration 
quelconque,  seuls  les  aystAmes  hydrauliques  ou  d lect rodynamlques  peuvent  convenir  car 
11  eat  possible  de  moduler  dlectriquement  les  forces  dynamiques  exeredes  par 
l'excitateur  sur  la  structure  testde. 

Le  C.E.R.M.A.  dispose  d'un  pot  vibrant  dlectrodynamique  de  marque  Bruel  et  Kjaer 
constitud  d'un  corps  d'excltation  type  4802T  associd  A  une  tdte  d'excltation  4818 
et  A  un  ampllf icateur  2708. 

1.1.1  -  Principe  de  f onctlonnement  d'un  pot  vibrant  dlectrodvnamioue 

Un  pot  vibrant  dlectrodynamique  comprend  schdmatiquement  (figure  1)  s 
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-  un  corps  d'excitstlon  crtant  un  champ  magnttique  (B)  6  l'aide  d'un  courant  continu 
circulant  dans  une  (ou  deux)  bobinea, 

-  une  ttte  d’ excitation,  interchangeable!  constitute  d'une  table  permettent  de  fixer 
la  structure  6  tester!  d'une  suspension  et  d'une  bobine  mobile  se  dtplagent  dans 
l'entrefer  du  corps  d'excitstlon.  La  bobine  est  parcourue  par  un  courant  de 
commande  (I)  isau  d'un  ampl if icateur  de  puissance. 


La  force  crtte  est  donnte  par  la 
loi  de  Laplace  t 

r  =  B.i.i 

ou  F  est  la  force  en  Newton 
B  1'induction  magnttique 
en  Tesla  (ou  weber/m) 

I  le  courant  en  ampbre 
et  1  la  longueur,  du  fil  cons¬ 
tituent  la  bobine  mobile. 

-  un  amplif icateur  de  puiasance  > 
celui-ci  peut  fonctionner  aelon 
deux  modes  t 


Figure  1  t  Principe  de  construction  d'un  pot 
vibrant  tlectrodynamique 


.  en  gtntrateur  de  tension.  La  grandeur  Imposts  b  la  structure  teatte  est  la 
vitesse  ou  les  grandeurs  proportionnelles  t  acctltration  et  dtplacement. 

.  en  gtntrateur  de  courant.  La  grandeur  imposts  eat  alors  la  force  (F  =  BI1). 

Un  tel  transducteur  (avec  son  tlectronique  associte)  prtsente  l'avantage  d'ttre 
sensiblement  lintaire  en  amplitude.  Par  contre,  aa  rtponse  en  frtquence  est  complexe  du 
fait  de  phbnombnes  de  rtsonance  et  de  1 ' interaction  avec  la  structure  soumise  aux 
vibrations.  Une  mise  en  forme  du  signal  de  commande  est  done  ntcesaaire  pour  exploiter 
au  mieux  les  possibilitts  du  transducteur. 

1.1.2  -  Caracttriatiaues  du  oot  vibrant 

Lea  caracttriatiques  prlncipales  sont  les  auivantes  : 

-  force  maximale  dtveloppte  t  1780  N. 

-  Dtplacement  maximal  0,75  inch  aolt  19  mm  crbte  b  crbte. 

-  Viteaae  maximale  1,27  m/a. 

-  Maaae  de  l'tltment  mobile  1,93  kg. 

-  Puissance  fournie  par  1 ' ampl 1 ficateur  1200  VA  sur  0,6ft. 

Ces  limitations  sont  rasaembltes 
sur  un  schtma  (figure  2) 
prtaentant  les  caracttriatiques 
dynamiques  (en  rtgime 
sinusoidal)  du  pot  vibrant. 

En  trbs  basse  frtquence 
(frtquence  inftrieure  A  20  Hz), 
le  dtplacement  maximal  autorist 
limite  1 ' acctltration  disponible 
Ct  =  t*>  X )  .  Au  delb  de  20  Hz,  la 
limitation  provient  de  la 
vitesse.  Plus  haut  encore  en 
frtquence,  la  force  disponible 
limite  1' ac-ctltration  (I7BO/I.A? 
s  94  g  pour  une  table  nue) . 

Le  systbme  (masse  250  kg)  est 
montt  sur  une  maaae  sismique  (4 
tonnes).  La  consommation  de 
1 ' instal lat ion  est  d'environ  7 
kVA. 


F  i  nu  vo  7 


1.1.3  -  Eaaal  en  tranaitoire 

II  a'agit  de  reproduire,  non  paa  simplement  le  spectre  frtquentiel  d'amplitude 
d'un  signal,  mala  tgalement  la  forme  temporelle  du  aignal.  Une  batterie  de  filtrea 
passe  bande  permettrait  simplement  d' obtenir  un  signal  mtcanique  dont  le  module  du 
spectre  aurait  la  forme  demandte.  Hals  la  forme  temporelle  ne  peut  ttre  obtenue  ainai, 
car  cette  technique  Ignore  les  caracttriatiques  de  phase  des  filtrea. 

La  solution  est  da  remplacer  la  batterie  de  filtrea  par  un  seul  filtre  compensant 
exacteaent,  en  module  et  en  phase,  lea  caracttriatiques  frtquentiel les  du  pot  vibrant 
et  de  la  structure  teatte.  Seule  une  rtallsation  numtrlque  de  ce  filtre  permet  de 
parfaitement  con trOler  non  seulemant  la  module,  mala  tgalement  la  phase. 

Si  le  spectre  d'amplitude  d'un  aignal  est  une  notion  bien  connue,  cs  n'est  pas  le  css 
pour  le  spectre  de  phase.  Et  pourtant,  la  moitit  de  1' Information  concernant  le  aignal 
y  eat  contenue.  Ainai,  dans  un  systbme  numtrique  d’ analyse  de  Fourier,  si  la  fonction 
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d'anplitude  eat  connu  sur  N/2  points.  Le 
N/2  points. 


f(t)  est  connue  en  N  points,  le  spectre 
spectre  de  phase  est  dgalement  connu  en 


A”**"'** 


AjiWtnud. 


Ptmm  *m» 


Ftqun  3.  -  fUprAMnution  umporoif*  d#  daux  wgnxux  xyant  I*  mtm*  composition  hsrmoniqoe, 
mM  dm  tpactrw  da  ptwtt  Affiants 


La  figure  3  prdsente  deux  signaux 
pdriodiques  ayant  le  mdme  spectre 
d* amplitude.  Les  spectres  de  phase  aont 
diffdrents.  Les  formes  temporelles  des 
signaux  sont  profonddment  diffdrentes. 

L'importance  d'un  contrOle  rigoureux  du 
module  et  de  la  phase  du  filtre  & 
interposer  pour  mettre  en  forme  le 
signal  d'excitation  dtant  ainsi  dtablie, 
il  nous  reste  h  comparer  les  rdponses 
obtenues  en  rdgime  transitoire  avec  et 
sans  filtrage  numdrique. 

La  figure  4  prdsente  un  exemple  de 
reproduction  d'un  signal  en  dent  de 
scie.  Ce  signal  provient  d'un  gdndrateur 
dlectrique  (figure  4a).  Au  travers  de 
1 ' ampli f icateur  de  puissance,  le  signal 
est  envoyd  sur  le  pot  vibrant. 

La  figure  4b  prdsente  1 ' accd Ideation 
mesurde  sur  le  pot  vibrant.  Le  signal 
reproduit  est  ddformd.  II  a  perdu  sa 
symdtrie  temporelle,  le  crfete  ndgative 
est  deux  foie  plus  importante  que  la 
crfete  positive,  il  y  a  apparition  d'une 
oscillation  parasite  lentement 
ddcro issant e . 

La  figure  4c  prdsente  1 ' accdldration 
(mSme  pot  vibrant  I)  obtenue  aprds  mise 
en  forme,  par  traitement  numdrique,  du 
signal  de  commende.  Cette  fois, 

1 ' accdldration  recueillie  a  la  mdme 
forme  que  le  signal  4  reproduire.  On 
notera  toutefoia  la  prdsence  d’un  ldger 
bruit  pirdsent  sur  toute  la  durde  du 
signal. 
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II  -  COHHANDE  NUHERIOUE  t  PRINCIPE  -  LIHITES  -  SYSTEMS  DE  TRAI TEHENT  MIS  EN  OEUVRE 
2.1  -  FONCTION  DE  TRANSFERT  DU  POT  VIBRANT 

Le  pot  vibrant  peut  Atre  modAlisA  sous  Forme  d’une  "bolts  noire"  prAaentant  une 
entree  (tension  Alectrique  e(t))  et  une  sortie  (accAlAration  }f(t)  de  la  table 
vibrente) . 

e<*) 


Si  h(t)  eat  la  rAponse  impulsionnelle  du  pot  vibrant,  la  relation  existent  entre 
1'entrAe  et  la  sortie  eat  «  Tf(t)  *  &  f  +  -tr)  C  1 

c'est-A-dire  i  }T(t)  =  h  (t)*  e  (t)  J-3» 

ou  *  est  le  produit  de  convolution. 


Cette  Aquation  se  slmpliFie  loxsque  1 1  on  passe  dans  le  domaine  FrAquentiel. 


e  ( f )  et  y ( f )  son 


sinpliFie  loxsque  1 '  < 

*U)  -  M)  *  eU) 

t  lea  transFormAea  de 


Fourier  et  e  (t)  et  (t) 


H  (F)  s  y est  la  Fonction  de  transFert  du  pot  vibrant 

C(f) 

e  (F),  V (F)  et  H  (F)  sont  des  nombres  complexes. 


En  rAgime  sinusoidal,  le  module  de  H(F)  est  Agal  au  rapport  des  amplitudes  de  I'accAl- 
Aration  par  la  tension.  La  phase  de  H  (F)  est  Agale  au  dAphasage  existent  entre  l'ac- 
cAlAration  et  la  tension. 

La  thAorie  mathAmatique  est  tr&s  puissante  car  la  relation  1  est  valable  quelle  que 
soit  l'excitation  e.  Celle-ci  n'a  pas  besoin  d'etre  slnusoidale. 

Les  Figures  5  et  6  prAsentent  un  exemple  de  Fonction  de  transFert  du  pot  vibrant,  Sur 
la  Figure  S  raaenAs  en  abscisse  A  une  bande  d'analyse  0-100  Hertz  on  lit  en  bas  les 
variations  du  module  en  dAcibel  n  s  20  logX,au  centre  les  variations  du  dAphasage  en 
degrAs,  en  haut  la  valeur  de  la  Fonction  de  cohA rence.  Cette  dernifere  dont  la  valeur 
est  nAcessai rement  comprise  entre  0  et  1  renseigne  sur  la  qualitA  de  le  mesure  (rapport 
signal  sur  bruit)  ainsi  que  sur  la  linAaritA  de  la  structure  testAe.  On  voit  que  les 
courbes  de  module  et  de  phase  sont  tr&s  rAguliArea.  Ce  n'est  pas  le  cas  sur  la  Figures 
ou  le  domaine  de  FrAquence  analysA  a'Atend  jusqu'A  2000  Hz. 


Figure  5 
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FONCTION  DC  TRANSFERT  DU  POT  VIBRANT  (AVEC  CHARGE) 

figure  6 

2.2  -  PRINCIPE  DE  LA  CQHHANDF 

Le  problfeme  de  la  commande  numerlque  en  regime  tranaitoire  peut  a'6noncer  ainai  s 

Quel  signal  faut-il  appliquer  &  l'entrde  du  pot  vibrant  pour  obtenir  une  acceleration 
donnee  ? 

La  reponse  est  immediate  dans  le  domains  frequentiel  ! 

e  (P)  s 

VH(P) 

Pour  revenir  au  domaine  temporel,  il  faut  calculer  la  transformee  de  Fourier  inverse 
des  deux  membres. 


II  vient  : 


rf  W)  ’  r(0J 


l.o  methode  nOcessite  done  les  calcula  auivants  (Figure  7)  : 

-  transFormee  de  Fourier  du  signal  d ' acce  ie ra t ion  desire, 

-  determination  de  la  fonctlon  de  transFert, 

-  multiplication  de  la  Fonction  de  transFert, 

-  multiplication  dans  le  domaine  Frequentiel  de  par  V(P) 

-  transFormee  de  Fourier  inverse.  Mir)  ' 

Tous  ces  calcula  ne  peuvent  Stre  eFFectuea  qu'aprfes  numerisation  des  signaux.  Un 
retour  en  analogique  est  evidemment  necessaire  pour  attaquer  le  pot  vibrant. 


mown  »  whocuibf 

FlLTRAGC  ANTIREPLIIMENT 

CONVERSION  ANALOG  IOUE  NUMENKX* 
A/O 

CAL CUL  Of  LA  TRANSFORMEE  Of  FOURIER 


FONCTION  DC  TRANSFERT  INVERSE 
DC  CELLE  DU  FOT  VIBRANT 


Multiplication  dans  le  domains  frcouentiel 


CHAINE 

DE 

TRAITEMENT  NUMERIQUE 


CAtCUL  Of  LA  TRANSFORMEE  Of  FOURIER  INVERSE 
FF  T 

CONVERSION  NUMfRtOUf  ANALOG KX* 

O/A 

FlLTRAGC  PARSE  BAS 
AMPLIFICATION  (EN  PUISSANCE  I 


I  i  i  •  1 1  r  c 


18-6 


2.3  -  LES  L1HITES 

Ellea  sont  do  deux  sortes  < 

-  adcaniques,  ce  aont  lea  lialtea  du  pot  vibrant  lul-mbae  i  emplacement  aaxiaal, 
viteaae  aaxlaale,  etc...  Ceci  a  dtd  abordd  au  paragraphe  1.1.2. 

-  Mathdaatiquea,  le  aystbae  physique  doit  btre  continu,  Invariant  dana  le  temps  et 
lindaire.  Cea  troia  conditions  sont  ndcessaires  pour  que  le  aystbae  puiaae  btre  ddcrit 
par  un  opdrateur  de  convolution.  Si  pratiqueaent  toua  lea  systbaes  physiques  sont 
continue,  il  n'y  a  aucune  raison  pour  que  la  structure  soit  invariante  et  lindaire. 

2.3.1  -  Invariance  teaoorelle 

II  s'agit  de  l'inveriance  des  caractdriatiquea  du  aystbae.  Au  caa  ou  celle-ci  ne 
aerait  pas  vdrifide,  il  eat  toutefoia  possible  d'adapter  la  adthode  au  caa  ou  lea 
variations  sont  lentes.  Il  suffit  de  prendre  en  coapte  l'dvolution  de  la  fonction  de 
transfert  au  aoyen  d'estimations  rdpdtdes  dans  le  temps.  La  variation  aera  considdrde 
coaae  lente  si  elle  eat  du  abae  ordre  que  le  temps  de  boucle  du  systbme  (temps  ndces- 
saire  pour  calculer  la  nouvelle  fonction  de  transfert  et  dlaborer  le  nouveau  signal  de 
coaaande) . 

L'dvolution  temporelle  de  la  fonction  de  transfert  peut  btre  due  b  I'dchauf foment  de 
certainea  parties  du  systbme,  dventuellement  b  son  usure,  voire  sa  rupture.  Dans  le 
cadre  d'une  experimentation  aniaale,  l'dvolution  peut  btre  due  b  une  modification  de  la 
raideur  ou  de  la  posture  du  aujet  d' experience. 

2.3.2  -  Lindaritd 

La  lindaritd  en  question  eat  celle  du  pot  lui-m6me  et  dgalement  celle  de  la 
structure  testde.  N'importe  quel  aystbae  physique  a  un  domaine  de  lindaritd  limitd.  Un 
simple  ressort  dlastique  trba  fortement  dtird  volt  sa  raideur  se  modifier. 

Mathdmetlquement,  la  fonction  de  transfert  d'un  systbme  non  lindaire  n'exiate  pas. 
Phyaiquement,  on  peut  pourtant  approcher  un  tel  systbme  par  une  fonction  de  transfert 
reprdsentant  une  approximation  lindaire  d'un  phdnombne  non  lindaire.  La  fonction  de 
transfert  est  alors  appelde  fonction  de  transfert  cohdrente.  Une  telle  technique 
assoclde  b  une  mise  b  Jour  de  l'estimation  au  cours  de  1 ' augmentation  des  niveaux 
d'excitation,  permet  d'obtenir  de  bons  rdaultats  sur  des  systbmes  faiblement  non 
lindalrea.  Toutefoia  ceci  se  fait  en  utllisant  une  mdthode  prenant  beaucoup  de  temps  de 
calcul.  Cela  Impose  dgalement  des  contraintea  mdthodologiquea  qui  sont  exposdes  dans  le 
chapitre  III. 

2. A  -  LE  SVSTEHE  OE  TRAITEHENT  NUMERIQUE 

Le  systbme  ddveloppd  au  C.E.R.M.A.  est  organisd  autour  d'un  mini-ordinateur  16  bitB 
POP  11  34  de  chez  Digital  Equipement  (DEC)  pilotant  un  analyseur  de  spectres  bivoieB  SD 
360  de  chez  Spectral  Dynamics. 

2.4.1  -  Le  mlnl-ordlnateur  POP  11-34  et  son  systbme 

Le  ayatbme  est  principalement  constitud  d'unitda  de  disque,  de  disquette,  d'une 
Imprimante  et  d'une  console  de  visualisation.  La  mdmoire  centrale  est  de  236 
kllooctets,  11  exiate  une  carte  de  calcul  en  virgule  flottante.  On  dispose  d'une  carte 
de  conversion  numdrlque  analogique  et  analogique  numdrique  12  bits  ainsi  que  d'une 
carte  interface  IEEE  488. 

Un  aystbae  appeld  "attdnuateur  et  relaia  programmable"  a  dtd  ddveloppd  autour  d'une 
carte  interface  Spectral  Dynamics  13209  pour  exploiter  la  pleine  dynaaique  (12  bits)  du 
convertiaseur  numdrique  analogique  attaquant  1 ' smpllf lcateur  du  pot  vibrant.  Lea  relais 
programmables  permettent  des  adcuritds  empbchant  d'appliquer  un  signal  au  pot  vibrant, 
en  dehors  des  intervalles  de  pilotage.  Ila  permettent  dgalement  1 ' d tablisaement 
automatlqub  du  cablage. 

2.4.2  -  Analyseur  de  Spectre  -  Spectral  Dynamics  SD  360 

Cet  analyseur  de  Fourier,  deux  voles,  travallle  en  temps  rdel  Jusqu'b  19  kHz.  Il 
posabde  deux  mdmolres  d'entrde  de  1024  points  chacune.  L'appareil  permet,  notamment,  le 
calcul  dea  transformdea  de  Fourier  directea  (Technique  FFT)  ,  ou  inverses,  ainsi  que  le 
calcul  des  fonctions  de  transfert.  L'analyseur  eat  dquipd  de  deux  convertisaeura 
analoglquea  numdriques  12  bits.  On  peut  dgalement  y  entrer  dlrectement  en  numdrique, 
tous  lea  dchanges  d' informations  entre  1'ordinateur  et  l'analyseur  de  spectres  sont 
possibles. 

Ill  -  REALISATION  DU  SYSTEHE  DE  COHHANDE 

>•1  -  Dbteralnation  de  la  oremlbre  fonction  de  transfert  caractdrlaant  le  pot 
vibrant  et  la  structure  b  tester 

11  s'agit  de  ddtermlner  le  plus  prdcisbmaent  possible,  la  fonction  da  transfert. 
Si  celle-cl  est  ldgbrement  brultde,  le  signal  de  coaaande  risque  d'btre  compldaent 
perturbd  puisqu'll  sat  obtenu  par  une  opdratlon  de  ddconvolutlon.  Cette  ddterminatlon 
est  alnal  un  point  critique  de  la  mdthode. 
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3.1.1  -  Lea  divers  types  d'excitation 

II  existe  de  nombreuses  possibility  pour  le  choix  du  signal  d'excitation  : 
balayage  sinusoidal,  impulsion,  aldatoire.  Oe  toutes  fagon,  le  comportement  du  pot,  ni 
celui  de  la  structure  d  tester,  n'dtant  pas  connus,  le  signal  d'excitation  doit  avoir 
un  spectre  d'amplitude  constant  dans  la  bands  de  frequence  dtudide. 

-  L ' utilisation  d'un  balayage  sinusoidal  est  la  mdthode  la  plus  precise  pour  les 
systdmes  lindaires.  Elle  n'est  toutefois  paa  facile  d  mettre  en  jeu  sur  ordinateur  et 
elle  est  trds  longue. 

-  La  mdthode  impulsionnelle,  par  contre,  eat  trds  rapide.  Elle  n'est  pas  adaptde  s'il 
y  a  des  non  lindaritds,  car  celles-ci  sont  alors  excitdes  6  coup  sOr.  D'une  fagon  plus 
gdndrale,  le  rapport  signal  sur  bruit  obtenu  eat  mddiocre  car  il  n'y  a  que  trds  peu 
d'dnergie  raise  en  jeu. 

-  L'excitation  aldatoire  est  trds  sdduisante.  Rapide  et  peu  sensible  aux  non 
lindaritds,  elle  est  toutefois  trds  difficile  d  mettre  en  oeuvre  sur  ordinateur.  Elle 
ndcessite  en  effet  de  nombreux  brassages  de  donndes. 

-  L'excitation  pseudoaldaldatoire  est  facile  d  mettre  en  oeuvre.  Son  utilisation  est 
encore  plus  rapide.  Quoique  moins  adaptde  aux  systdmes  non  lindaires,  cette  technique 
est  celle  retenue  pour  notre  systdme  de  commande. 

3.1.2  -  Excitation  oseudoa Ida toi re  :  odndration  et  intdrdt 

Cette  technique  d'excitation  est  appelde  &  "variance  nulle"  ou  SSG  (synchronous 
signal  generation). 

Le  signal  est  d'abord  gdndrd  dans  le  domaine  frdquentiel.  Un  spectre  frdquentiel 
d'amplitude  constante  est  ddfini  (bruit  blanc).  Les  phases  de  cheque  composante 
f rdquent ie lie  (spectre  de  phase)  sont  choisies  aldatoi resent  entre  0°  et  360  degrds. 

Une  transformde  de  Eourier  inverse  donne  alors  le  signal  temporel.  La  sdquence  ainsi 
crdde  est  reproduite  pd riodiquement .  Le  signal  analogique  est  obtenu  aprds  passage  6 
travers  un  filtre  passe  bas.  L ' histogramme  d'amplitude  obtenu  n'est  pas  parfaitement 
Gaussien.  II  prdsente  une  certaine  structure  fine  (figure  8). 

Si  la  sdquence  dtait  rdpdtde 
inddf iniment ,  son  spectre  ne 
contiendrait  de  l'dnergie  que  pour  le3 
points  du  domaine  frdquentiel  qui  sont 
contenus  dans  la  version  dchanti 1 londe 
initisle.  Pour  s'approcher  de  ce  cas,  il 
suffit  de  rdpdter  le  signal  de  telle 
sorte  que  sa  durde  totale  soit  nettement 
supdrieure  (facteur  10  par  exemple)  d  la 
plus  longue  pdriode  contenue  dans  la 
version  dchantillonnde. 

L'analyse  des  signeux  d'excitation 
(pseudo  aldatoire)  et  de  rdponse  de  la 
structure,  ae  fait  d  la  cadence  du 
convertisseur  digital  analogique.  Cette 
synchronisation  permet  le  perfait  calage 
des  frdquences  analysdes  sur  les 
frdquences  prdsentes  dans  les  signaux. 
L'estimation  des  fonctions  de  transfert 
est  alors  trds  rapide,  du  fait  de 
l'excellent  rapport  signal  sur  bruit,  d 
cheque  frdquence.  Les  mesures  moyennes 
portent  sur  de  longues  durdes  sont 
inutiles.  Par  ailleurs,  si  le  signal 
[  pdriodique  pseudoaldatoire  est  appliqud 
suffisamment  longtemps,  le  systdme  d 
tester  est  alors  en  rdgime  permanent.  Sa 
rdponse  est  pdriodique  et  de  m&me 
pdriode  que  l'excitation.  Il  n'est  plus 
ndcessaire  d'utiliser  une  fenfitre  de 
ponddration  temporelle  de  type  Hanning, 
destinde  d  limiter  les  effets  de  bord. 

La  rdsolution  spectrale  en  est  alors 
amdliorde. 

Notons  enfin  que  le  calcul  effectif  de 
la  fonction  de  transfert  est  effectud 
par  l'analyseur  bivoies  Spectral 
Dynamics  SD  360. 

3.2  -  ELABORATION  DU  SIGNAL  DE  COMMANDE 

L'estimation  lnitiale  de  la  fonction  de  transfert  permet  d'dlaborer  une  premidre 
impulsion  de  commande  d  l'alde  da  la  relation 

e(k)  r  y  ^  *  y(f)] 

ou  y (f)  est  la  tranaformde  de  Fourier  de  ('impulsion  temporelle  ddsirde  (calcul 
effectud  par  l'analyseur  spectral  sur  2  X  512  points). 


Figure  8 
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L'inversion  de  H  (f)  est  dvitde  en  estimant  directement  non  pas  H  (f)  mais  1/H(f). 
L'estimation  de  1/H(f)  est  dgalement  effectude  en  2  X  512  points. 

La  multiplication  dans  le  domaine  frdquentiel  eat  rdaliede  dans  l'unitd  centrale  du 
miniordinateur  PDP  11-34.  Le  rdsultat  est  envoyd  sue  l'analyseur  spectral  qui  effectue 
la  transformde  de  Fourier  inverse.  L ' impulsion  temporelle  calculde  est  renvoyde  vers 
1' ordinateur.  Elle  est  alors  disponible  aux  bornes  d'un  convertisseur  numdrique 
analogique  12  bits  et  peut  Stre  dgalement  stockde  sur  un  fichier  disque,  ainsi  que  la 
configuration  de  tout  le  systdme. 

II  est  possible  de  s'arrdter  14  dans  1 ' dlaborat ion  du  signal  de  commende.  Apr4s  avoir 
traversd  un  filtre  passe  bas  (Rockland  816  A)  et  un  anpl i f icateur  4  gain  programmable 
(Rdalisation  CERMA) ,  le  signal  est  alors  envoyd  aur  1 1 ampli f icateur  de  puissance, 
attaquant  le  pot  vibrant. 

Toutefois,  l'expdrience  montre  qu'il  est  possible  d'dlaborer  un  deuxidme  signal  de 
commande,  plus  prdcis,  en  observant  la  rdponse  du  pot  vibrant  excitd  4  bas  niveau,  par 
le  premier  signal  de  commande.  L ' amdlioration  est  alors  due  4  l'affinement  de  la 
ddtermination  de  la  fonction  de  transfert  du  pot  vibrant. 

3.3  -  WISE  A  JOUR  OE  LA  FONCTION  DE  TRANSFER!  DU  POT  VIBRANT 

Du  fait  de  la  prdcision  ndeessairement  limitde  des  mesures,  et  de  l'existence  de  non 
lindaritds,  aussi  faibles  soient  elles,  11  est  toujours  intdressant  d'affiner  la 
fonction  de  transfert  en  la  ddterminant  4  l'aide  de  signaux  aussi  proches  que  possible, 
en  amplitude  et  en  frdquence,  des  signaux  que  i'on  ddaire  reatituer  : 

Soit  une  excitation  initiale  pseudoaldatoire  effectude  au  mdme  niveau  d'amplitude 
quelle  que  soit  la  frdquence.  Supposons,  que  la  structure  teatde  poasdde  une 
antirdsonance  4  la  frdquence  f 0 ,  le  signal  recuellli  sur  la  structure  est  tr4s  faible. 
II  en  rdsulte  un  mauvais  rapport  signal/bruit  (S/B)  d'ou  une  mauvaise  valeur  de  la 
cohdrence  puisque  celle-cl  mesure  en  particuller  le  rapport  S/B. 

Si  le  signal  4  synthdtiser  n'a  pas  d'dnergie  dans  la  bande  centrde  autour  de  f 0 ,  la 
synthdse  n' est  pas  perturbde.  Sinon,  le  signal  dlabord  est  mddiocre. 

Dans  le  cas  ou  la  structure  prdsente  des  nonlindaritda,  celles-ci  sont  prises  en 
compte  par  cette  technique.  Ainsi  qu'il  a  dtd  dit  prdeddemment,  la  fonction  de 
transfert  d'un  syst&me  non  lindaire  n'existe  pas.  On  en  calcule  toutefois  une 
approximation,  celle-ci  ddpend  de  la  nature  de  1 ' exci ta t ion .  II  est  done  important, 
alors,  de  calculer  une  fonction  approchde  dans  les  conditions  ou  1 ' on  doit  s'en  servir. 
C'est  4  dire  avec  une  excitation  proche  de  celle  que  l'on  utilise  pour  le  pilotage  en 
rdgime  transitoire.  Si  la  non  lindaritd  est  tr4s  importante,  la  fonction  de  transfert 
est  afflnde  en  plusieurs  tours  de  boucle,  cheque  tour  correspondent  4  une  augmentation 
du  niveau  de  1 ' excitat ion . 

Le  syst&me  de  commande  ddveloppd  permet  done  d'observer,  dans  une  phase  prdl iminalre , 
la  rdponse  de  la  structure  4  une  excitation  impulsionnel le  de  m6me  forme  apectrale  que 
celle  que  l'on  veut  restituer,  mais  de  plus  bas  niveau.  Le  premier  signal  de  commande 
est  alors  envoyd  4  -20  dB  du  niveau  du  signal  rdel  soit  une  attdnuation  par  un  facteur 
10. 

Une  nouvelle  fonction  de  transfert  est  calculde  4  l'aide  de  l'excitation 
impulsionnelle.  En  fait,  on  envois  4  impulsions  4  bas  niveau.  Ceci  est  ndeessaire  pour 
calculer  la  fonction  de  cohdrence  correspondante  (la  cohdrence  calculde  en  1' absence  de 
moyenne  effectude  aur  plusieurs  signaux  est  mathdmatiquement  dgale  4  1). 

Une  moyenne  des  deux  fonctions  de  transfert  est  alors  effectude  sous  certaines 
conditions  s 

-  si  la  cohdrence  de  la  deuxidme  fonction  de  transfert  est  infdrieure  4  une  valeur 
seuil  choiaie  par  l'opdrateur,  aucune  moyenne  n’est  effectude.  La  deuxidme  fonction  de 
transfert  n'est  pas  prise  en  compte.  En  effet,  la  premidre  fonction  est  calculde  avec 
une  excitation  posaddant  un  spectre  plat.  Elle  est  done  4  priori  la  plus  dlgne  de 
confiance  car  toutes  les  frdquences  dtaient  excitdes. 

-  Par  contre,  si  la  deuxidme  cohdrence  est  supdrieure  au  seuil  et  si  la  premidre  est 

infdrieure  4  ce  seuil,  la  premidre  fonction  de  transfert  n'est  pas  prise  en  compte  , 

-  enfin,  si  les  deux  cohdrences  sont  supdrieures  au  seuil,  une  moyenne  des  modules  et 

des  phases  est  effectude.  Tous  ces  calculs  et  tests  sont  effectuds  frdquence  aprds 
frdquence.  La  moyenne  peut  Stre  effectude  sur  un  nombre  quelconque  de  fonctions  de 
transfert.  L'algorithme  est  boucld.  A  cheque  tour  de  boucle  un  nouveau  signal  de 
commande  est  dlabord  4  partir  de  la  dernidre  fonction  de  transfert  estlmde  par  la 
moyenne  ddcrite  ci-dessua. 

L'opdrateur  ddcide  de  la  sortie  de  la  boucle  lorsqu'il  estime  satisf aisante  la  forme 
du  signal  de  commande.  Trols  tours  de  boucle  sont  gdndralement  suffisants.  Le  signal 
peut  alors  dtre  envoyd  4  son  niveau  rdsl,  la  fonction  de  transfert  dtant  stockde  sur 

disque.  Dans  le  cas  ou  le  protocole  expdrimental  permet  1 'envoi  de  plusieurs  impulsions 

au  niveau  rdel,  la  rdponse  de  la  structure  est  dgalement  prise  en  compte  dans 
l'dlaboration  de  la  fonction  de  transfert. 

Remarque 

La  moyenne  calculde  est  du  type  exponentielle.  Une  telle  moyenne  permet  la  miss  4 
Jour  de  la  fonction  de  transfert  puisque  le  calcul  eat  effectud  en  permanence.  La 
constante  de  temps  correspondante  est  4  ddterminer  par  l'opdrateur.  Si  le  syatdme  est 
lindaire  et  invariant  dana  le  tempa,  lea  dchantillona  aont  Invariants  et  la  fonction  de 
transfert  n'dvolue  paa. 
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3.4  -  EXEHPLE  DC  EONCT IONNEHENT  EN  BOUCLE 

Un  example  de  1* amelioration  de  la  qualitd  dea  signaux  obtenus  est  prdsentd  sur  la 
figure  9. 

A  i  signal  d' acceleration  ddsird 

B  :  signal  de  commande  calculd  4  partir  de  la  fonction  de  transfert  meaurde  avec  une 
excitation  paseudoaldatoire.  L ' oscl Hat  ion  parasite  de  trfes  basse  frequence 
rdsulte  d'une  nauvaise  ddtermination  de  la  fonction  de  transfert  Intitiale. 

C  i  Rdponse  (en  accd ldration)  du  pot  vibrant 

D  i  Nouveau  aignal  de  commande  dlabord  4  partir  d'une  premlbre  mlse  4  jour  de  la 
fonction  de  transfert  prenant  en  compte  la  rdponse  de  la  14re  impulsion  de 
commande.  L 1 osc 1 1 1  a t ion  parasite  prdcddente  est  dllminde,  mais  il  en  apparalt  une 
autre,  sans  doute  masqude  en  b  et  c. 

E  s  La  rdponse  du  pot  vibrant  s'amdliore 

E  :  Nouveau  signal  de  commande.  Les  oscillations  parasites  ne  aont  plus  visibles. 

G  :  La  rdponse  en  acceleration  est  ameiloree.  On  ne  s'attachera  pas  ici  4  l'amplitude 
du  signal,  celle-ci  n'a  ete  rdglde  qu ' approx imat i vement  par  l'operateur.  Le 
logiciel  complet  ,  ddveloppd  pour  l'dtude,  permet  dvidemment  une  calibration 
automatique  en  niveau. 

finalement,  deux  tours  de  boucle  sont  ici  suffisants  pour  mettre  en  forme  le 
signal. 


IV  -  RESULTATS  -  DISCUSSION 

Les  rdsultats  obtenus  avec  des  structures  mdcanlques  ont  dtd  prdsentds  dans  les 
paragraphes  precedents  (figures  4  et  9).  II  reste  4  montrer  la  vallditd  de  la  technique 
dans  le  cadre  d'une  experimentation  biomdcanique. 

Les  rdsultats  rapportds  let  concernent  des  essais  rdallsds  avec  un  babouin  (masse  8 
kg)  essis  dans  un  si4ge  de  contention  flxd  sur  le  pot  vibrant.  LeB  courhes  du  has  des 
figures  10  et  11  prdsentent  lea  aignaux  que  1 ' on  ddslre  reproduire.  Les  rdponses 
respectives  du  pot  vibrant  (courbea  du  haut)  sont  meaurdea  au  niveau  de  la  base  du 
sifcge  de  contention.  L'animal  eat  aneathdsld.  L'anesthdsie  assoclde  4  la  contention 
permettent  d'obtenlr  une  structure  blologlque  relativement  invariante  mdcaniquement .  En 
effet,  un  changement  important  de  posture  entralnerait  des  variations  des  paramdtres 
mdcanlques  risquant  de  compromettre  la  synthdse  des  signaux. 

Ce  probldme  de  l'lnvariance  temporelle  a  ddJ4  dtd  abordd  au  paragraphe  2.3.1.  Nous 
constatona  ici  que  le  rdaultat  semble  convenable. 
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line  deuxibae  sdrie  d'essai  est  rdalisde  en  essayant  de  reproduire  lea  mfemes  signaux, 
cette  f  o  i  8  ,  au  niveau  du  sacrum  d'un  babouin  prof onddment  anesthdsid.  Le  but  est 
d'iaposer  une  accdldration  de  forme  ddterminde  en  un  point  de  la  colonne  vertdbrale.  A 
cette  fin,  dea  accdldrombtres  miniatures  sont  implantds  aur  la  colonne  vertdbrale 
lombaire  de  l'animal  (photos  1,2).  La  technique  d 1 implantat i on  a  fait  l'objet  de 
publications  antdrieures  (2,3).  Lee  rdsultats  aont  prdaentds  aur  les  courbea  12  et  13. 

CONCLUSION 


Une  technique  numdrique  de  traitement  de  signal  a  dtd  ddveloppde  afin  de  permettre  le 
contr&le  de  la  rdponse  transitoire  d'une  table  vibrante  chargde  d'une  structure 
biologique. 

La  reconstitution  prdcise,  en  laboratoire,  d'un  envi ronnement  vibratoire  rdel  est 
rendue  faisable. 

Dans  le  domaine  de  la  biomdcanique,  et  dana  le  cadre  d'une  expdrimentation  aur  un 
babouin  bloinstrumentd  (implantation  d'un  accdldrombtre) ,  11  est  possible  d'imposer,  au 
point  d' implantation,  une  forme  temporelle  d' accdldration  cholsie  par 
l'expdrimentateur. 
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Lee  courbes  du  bee  dee  figures  12  et  13  correspondent  sux  accelerations  que  l'on 
desire  reproduire.  Lee  courbes  du  bsut  correspondent  sux  accelerations  recueillies 
sur  le  sacrum  de  l'animal. 
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SUMMARY: 


The  centre  of  rotation  defines  motion  of  the  lumbar  spinal  segment.  It  is  an  indicator  of  spinal 
instability  but  since  the  motion  segment  does  not  move  about  a  single  axis,  a  locus  of  instantaneous  axes 
of  rotation  or  a  centrode  is  defined.  Centrodes  in  normal  cadaveric  spines  as  well  as  those  wltn 
degenerative  disc  disease  have  been  identified  using  moire  techniques  as  well  as  by  computer  analysis  of 
small  angles  of  motion.  In  this  study  47  spines  were  assessed,  22  of  which  were  evaluated  with  axial 
loading.  The  normal  centrode  lies  within  the  posterior  half  of  the  disc  space,  averaging  22  mm  in  10 
specimens.  In  the  earliest  stages  of  degenerative  disc  disease  the  centrode  lengthens  significantly 
(average  116  mm).  Moderate  disc  disease  shifts  the  centrode  interiorly.  Axial  loading  did  not  appear  to 
influence  the  centrode  lengths  or  position.  The  technique  is  highly  sensitive  detecting  94%  of  the 
abnormal  spines  as  compared  with  only  25%  detected  by  means  of  measuring  excessive  motion  on  flexion/ 
extension  radiographs.  This  method  is  a  highly  reliable  and  quantifiable  method  of  detecting  early  changes 
in  spinal  motion  in  degenerative  disc  disease  prior  to  the  well  recognized  radiographic  abnormalities. 

(Key  Words:  spinal  segment,  degenerative  disc  disease,  centrode). 


The  measurement  of  motion  of  human  joints  with  small  angular  changes  in  rotation  has  been  hampered  by 
inaccuracies  of  the  techniques  used  (1,2,3).  Panjabi  (4)  has  pointed  out  that  measurements  of  the  centres 
of  rotation  for  small  angles  to  date  have  been  severely  limited  because  of  the  large  errors  that  result. 

Since  the  measurement  of  the  centre  of  rotation  has  been  the  common  method  of  defining  angular  rotation 
(2,3,5),  the  concept  of  instantaneous  centres  of  rotation  has  been  developed  for  the  lumbar  spine  in  order 
to  define  the  accuracy  of  spinal  motion  (6).  By  identifying  the  centre  of  rotation  for  each  3  degree  change 
in  rotation  for  a  lumbar  spinal  segment  such  as  the  L4-5  disc  level,  a  series  of  centres  is  obtained. 

Joining  these  points  defines  a  locus  which  can  track  the  movement  of  this  complex  joint.  This  locus  of 
centres  of  rotation  is  referred  to  as  a  centrode. 

A  technique  derived  from  the  use  of  moire  screens  was  initially  employed  to  accurately  measure  centres  of 
rotation  for  small  degrees  of  motion  in  the  lumbar  spine  (6,7,8).  This  method  developed  by  Shoup  (5)  and 
modified  according  to  the  criteria  of  Panjabi  (4)  proviies  an  accurate  technique  to  locate  the  centres  of 
rotation  for  small  angular  changes,  since  three  lines  of  intersection  are  utilized,  two  of  which  meet  at 
right  angles.  The  technique  was  found  to  demonstrate  a  high  degree  of  precision  (reproducibility)  and 
accuracy  (6),  that  is,  within  1.85  mm  of  the  true  centre  for  mechanical  joints  constructed  with  known  centres 
of  rotation  and  centrodes. 

This  method  was  applied  to  the  L4-5  motion  segment  (7)  to  study  patterns  in  the  normal  disc.  Centrodes  were 
produced  which  were  located  in  or  near  the  posterior  third  of  the  disc  and  moved  in  a  direction  from 
posterior  to  anterior  and  in  some  cases  posterior  again,  as  the  spine  flexed  from  full  extension  to  full 
flexion. 

The  technique  was  further  applied  to  cadaver  spines  with  segmental  instability  secondary  to  degenerative  disc 
disease  (8).  It  was  felt  that  by  accurately  measuring  the  degree  of  abnormal  motion  a  better  appreciation  of 
instability  of  the  motion  segment  could  be  obtained.  Twenty-eight  motion  segments  at  the  14-5  level  were 
classified  into  those  which  were  normal  and  those  which  had  minor,  mild,  moderate  and  severe  radiographic 
evidence  of  degenerative  disc  disease.  Using  the  moire  method  it  was  found  that  there  was  a  statistical 
difference  in  the  length  of  the  centrode  between  the  normals  and  all  other  specimens  with  evidence  of 
degenerative  disc  disease.  The  average  length  of  the  centrode  for  the  normal  group  was  21  mm,  whereas  the 
remaining  categories  had  centrode  lengths  as  follows:  minor  -  127  irm,  mild  -  45  mm,  moderate  -  52  mm  and 
severe  -  29  mm.  The  moderate  group  had  centrodes  which  were  more  Inferior  than  the  other  groups. 

Because  of  technical  problems  associated  with  the  use  of  moire  techniques,  a  new  method  was  devised  to 
evaluate  centrode  patterns.  This  technique  provides  analysis  of  motion  of  the  spinal  segment  by  means  of 
accurate  markers  and  computer  analysis.  Specimens  were  examined  both  with  and  without  axial  loading. 

Computer  analysis  has  allowed  the  detection  of  centres  of  rotation  for  angles  as  small  as  3  degrees  and  is 
more  accurate  since  an  accurate  digitizer  is  utilized  to  check  the  position  of  the  moving  points  (accurate  to 
within  0.1  mm).  All  calculations  are  done  arithmetically  reducing  geometric  errors.  Nine  independent 
calculations  for  each  centre  of  rotation  can  be  done  with  the  mean  being  taken  to  detect  the  average  centre 
and  the  use  of  X  Y  co-ordinates  reduces  the  overall  error  and  allows  for  greater  reducibil ity.  For  increased 
accuracy  we  followed  four  principles  of  measurement,  as  determined  by  Panjabi,  to  reduce  error  (4,10). 

This  provided  an  accuracy  of  less  than  1  mm  distance  from  the  true  centre  of  rotation  with  95%  confidence  at 
angles  of  rotation  of  approximately  3  degrees. 

MATERIALS  AND  METHODS: 

The  L4-5  motion  segment  was  obtained  from  47  cadaveric  spines  under  the  age  of  60  years.  Metastatic  disease 
or  trauma  excluded  the  specimens  from  testing.  All  soft  tissues  were  removed  except  those  maintaining  the 
bone/ligament  integrity.  The  spines  were  preserved  at  -70  degrees  centigrade  until  ready  for  use.  Each  spine 
was  graded  for  the  degree  of  degenerative  disc  disease,  both  grossly  and  radiographically,  and  rated  according 
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to  radiographic  appearance.  (Table  1).  The  spines  were  scored  out  of  a  maximum  of  10  with  normal  being 
0,  minor  degenerative  disc  disease  having  a  score  of  1-2,  mild  a  score  of  3,  moderate  4-6  and  severe 
7  or  greater.  Discography  allowed  grading  according  to  the  description  of  Brown  et  al  (11). 

Prior  to  testing,  the  spines  were  thawed  and  mounted  in  a  stainless  steel  assembly  using  dental  acrylic 
cement  and  screws.  Motion  was  studied  in  a  specially  constructed  rig  capable  of  moving  the  joints 
in  a  constant  fashion  by  means  of  a  motorized  pulley  system  (7).  Non-porous  plastic  wrap  was  used  to 
maintain  the  humidity  around  the  specimen. 

Loading  was  designed  to  allow  motion  in  the  sagittal  plane  limiting  lateral  motion.  Axial  rotation  was 
monitored.  Forces  were  applied  to  the  spine  by  wires  powered  by  an  electric  motor  and  were  recorded 
on  an  on-line  pressure  transducer  linked  to  a  graphic  display. 

Radio-opaque  grids  were  attached  at  the  moving  upper  end  and  fixed  lower  end  of  the  spinal  segment  to 
find  the  position  of  the  joint  when  the  radiograph  was  taken.  With  the  use  of  lead  shielding  the 
x-rays  were  allowed  only  to  penetrate  the  radio-opaque  grids.  In  this  way  multiple  exposure  radiographs 
were  taken  and  motion  of  the  grids  could  be  followed.  Movement  from  neutral  to  flexion  and  neutral  to 
extension  was  at  the  rate  of  1  degree  per  minute,  until  the  pressure  transducer  indicated  the  limit  of 
elastic  stretch.  At  every  3  degree  Interval  a  radiograph  was  taken  while  the  spine  continued  to  flex 
or  extend,  to  avoid  the  phenomenon  of  creep.  Kodak  XX  film  was  used  to  increase  resolution.  After  the 
spine  run  was  complete  a  discogram  was  performed  using  2  ccs  of  Hypaque  solution. 

Each  of  the  first  25  spines  were  run  by  this  method.  The  second  group  of  22  spines  were  divided  randomly 
into  two  groups.  All  of  these  latter  spines  were  run  four  times.  In  the  first  group,  two  runs  were 
performed  with  no  axial  loading  followed  by  two  runs  with  31.8  kilograms  of  axial  force.  The  spines  in 
the  second  group  were  evaluated  in  a  similar  way  except  that  loading  occurred  first.  In  this  way  the  effects 
of  axial  loading  on  the  motion  segment  of  the  spine  could  be  determined  as  well  as  reproducibility  of  the 
centrodes  with  and  without  axial  loading. 

All  radiographs  were  analyzed  by  means  of  a  Hewlett  Packard  digitizer  and  computer.  Centres  of  rotation 
were  performed  by  the  University  of  Toronto  IBM  computer  with  an  SAS  program.  Each  radiograph  was 
positioned  on  the  digitizer  and  a  0  point  was  set  at  the  posterior  superior  corner  of  the  L5  vertebral 
body.  Each  marker  grid  and  each  successive  position  to  which  it  moved  was  digitized.  These  points  then 
characterized  the  centrode  for  that  spine.  The  data  in  the  form  of  X  Y  co-ordinates  was  entered  into  the 
computer  program.  Nine  independent  calculations  for  each  centrode  of  rotation  could  be  performed  and  the 
mean  taken  as  well  as  the  standard  deviation,  which  provided  us  with  accountability  of  the  accuracy.  Once 
the  first  point  of  the  centrode  was  determined  the  computer  program  continued  until  all  the  points  of  the 
centrode  were  identified.  These  connected  points  formed  the  centrode  for  that  spine  and  the  length  was 
then  determined  by  the  computer.  There  was  some  variation  in  the  size  of  the  specimen  tested  so  a  standard 
length  of  L5  vertebral  body  of  4  cm  was  chosen  for  the  antero-posterior  dimension.  The  co-ordinates’  points 
were  multiplied  by  the  appropriate  ratio  for  each  specimen  to  compare  the  loci. 

The  average  position  of  each  centrode  was  determined  by  averaging  the  points  in  the  locus  to  give  an  X  and  Y 
position.  The  length  of  each  locus  was  determined  by  the  sum  of  point  to  point  distances  in  order  from  full 
extension  to  full  flexion  by  the  formula: 


L  =£/X  +  Y  where  L  =  length  in  mm. 

The  statistical  analysis  compared  the  normal  with  the  other  groups  with  respect  to  length  and  position  of 
locus.  As  well  the  effect  of  axial  loading  was  studied.  Since  there  was  a  large  heterogeneity  (variability) 
among  the  groups,  the  criteria  for  parametric  testing,  that  is  normality,  were  not  fulfilled.  Thus,  the 
nonparametric  tests  of  Kruskal-Wallis  and  Wilcoxon-Rank-Sum  were  performed  on  ranked  data. 


RESULTS: 

Ten  of  the  lumbar  motion  segments  were  normal.  Ten  spines  demonstrated  minor  degenerative  disc  disease, 

11  were  mild,  12  were  moderate  and  4  were  severely  degenerated.  (Table  2).  The  range  of  motion  is  noted 
in  Table  3.  Note  that  in  all  the  degenerative  spines,  excluding  the  severe  cases,  only  25*  had  an  abnormal 
range  of  motion  (less  than  12  degrees  and  more  than  21  degrees).  In  the  minor-mild  groups  where  increased 
motion  would  be  expected,  only  25*  had  an  Increased  range  of  motion.  • 

Normal  spines  traced  centrodes  in  the  posterior  half  of  the  disc  comparable  to  the  single  centre  of  rotation 
noted  by  other  authors  (2).  The  length  was  relatively  short,  less  than  30  nm,  with  an  average  of  20.9  nm. 
(Table  4).  The  direction  of  the  centrode  was  consistent,  passing  from  posterior  to  anterior  and  in  some 
cases  posterior  again  as  the  spine  moved  from  extension  to  flexion  (Fig.  1).  The  pattern  in  the  minor 
category  indicated  that  the  centrodes  were  more  complex  and  had  a  significantly  increased  length 
(average  116  im)  (Fig.  2).  In  the  mild  group  the  length  was  longer  than  in  the  normals  (average  78  mm) 

(Fig.  3).  The  moderate  group  tended  to  be  displaced  into  the  inferior  vertebral  body  approximately  10  mm 

below  the  other  groups  on  average.  Length  was  similar  to  the  other  degenerative  categories  (Fig.  4). 

The  severely  degenerated  group  had  shorter  centrodes  (average  33.6  mm),  that  is,  the  same  range  as  the 

normal  spines.  There  were  too  few  in  this  group  and  too  large  a  variation  to  determine  a  trend  in 

position  (Fig.  5). 

Centrodes  were  ranked  according  to  length  and  to  their  X  and  Y  positions.  The  Kruskal-Wallis  test 
demonstrated  a  statistical  significance  between  groups  for  their  length  of  centrode  (P<  0.005)  and  for 
the  Y  position  only  in  the  moderate  group  (P<.01).  The  Wilcoxon-Rank-Sum  test  demonstrated  that  the 
degenerative  centrodes  were  longer  than  the  normals  (P<.001)  and  the  degenerative  loci  were  significantly 
longer  when  each  Individual  group  was  compared  to  the  normals  (P < .01 )  except  for  the  severe  group  (P> .25) 

The  centrodes  of  the  moderately  degenerated  group  were  more  Inferior,  located  in  the  body  of  L5,  and  this 
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was  found  to  be  statistically  significant  compared  to  ail  other  groups  (P< .001 ) . 

The  effects  of  axial  loading  were  minimal  with  the  results  demonstrating  that  the  22  axially  loaded  spines 
were  quite  similar  to  the  47  unweighted  spine  runs.  There  were  no  significant  differences  in  the  various 
degenerative  disc  disease  categories.  Axial  loading  tended  to  lengthen  the  centrodes,  on  average  7.5  mm 
but  this  was  not  statistically  significant.  Furthermore,  there  was  no  significant  change  in  the  position 
(1  urn).  Whether  the  spines  were  tested  initially  without  weights  or  with  weights  made  no  difference  to 
the  length  or  pattern. 


DISCUSSION: 


It  is  assumed  that  degenerative  disc  disease  results  in  early  Instability,  that  is.  Increased  range  of 
motion  (excessive  motion)  or  erratic  motion  (Increased  translation).  Although  excessive  motion  can  be 
easily  documented  by  flexion/extension  radiographs,  this  form  of  instability  may  not  appear  in  the  Initial 
phases  of  degeneration.  Furthermore,  as  degenerative  changes  proceed,  any  excess  range  of  motion  will  fall 
back  to  the  normal  limits  as  the  motion  segment  stiffens.  Hence,  flexion/extension  films  may  be  negative 
if  done  too  early  or  too  late.  In  fact,  approximately  25*  of  the  spines  noted  to  be  abnormal  radiographically 
had  an  abnormal  range  of  motion  (normal  =  14-21  degrees)  (12).  Even  within  the  subgroups  of  minor  and 
mild,  in  which  one  expects  the  most  motion,  only  25*  had  an  abnormal  range.  Therefore,  translational  or 
erratic  motion  of  one  vertebra  with  respect  to  another  may  be  a  more  important  factor  in  diagnosing 
instability.  This  parameter  (translational  motion)  is  more  difficult  to  assess.  However,  translation 
relates  well  to  the  locating  of  the  centre  of  rotation  in  the  spinal  motion  segment.  As  noted  in  Fig.  6, 
translational  motion  will  result  in  significant  changes  in  the  location  of  the  centre  of  rotation. 

By  plotting  centres  and  comparing  them  with  normal,  one  can  obtain  a  more  objective  evaluation  of  the 
abnormal  excursion  of  one  vertebral  body  in  relation  to  another  (segmental  instability).  Comparison  of 
a  hinged  joint,  a  normal  spine  and  an  abnormal  spine  motion  segment  allows  one  to  understand  the  way  in 
which  centrode  patterns  change  with  increasing  instability.  The  hinged  joint  is  a  totally  stable  unit 
allowing  no  translation  for  a  single  pivot  point.  Thus,  flexion  and  extension  will  have  one  point  as  its 
centre  of  rotation  without  defining  a  centrode.  The  range  of  motion  will  have  no  effect  as  the  joint  is 
completely  stable  without  translation.  In  the  normal  spine,  which  is  stable,  the  single  centre  of  rotation 
for  the  entire  range  of  motion  is  in  the  posterior  one-third  of  the  disc  (2).  The  lumbar  motion  segment 
is  not  a  perfect  hinge  joint  however,  and  therefore  allows  some  translational  motion.  Since  the  centre  of 
rotation  will  not  be  at  one  point,  changes  in  position  form  a  locus  of  points  or  centrode  pattern.  The 
abnormal  spines  with  relative  instability  demonstrate  translational  motion  with  possibly  an  increased 
range  of  motion  in  flexion/extension.  Each  arc  of  rotation  within  the  full  range  of  motion  will  contain 
a  centre  of  rotation  which  is  different  in  position  from  the  next  arc.  Thus,  the  centrode  pattern  which 
forms  will  demonstrate  a  centrode  pattern  which  may  be  longer  than  normal. 

Our  data  indicates  that  there  is  a  difference  between  the  normal  loci  and  the  different  categories  of 
degenerative  disc  disease.  In  the  minor  and  mild  categories,  significant  abnormalities  occur  in  the 
centrode  length,  which  allow  detection  of  instability,  in  spite  of  the  paucity  of  radiographic  findings. 

The  length  of  the  centrode  is  significantly  greater  than  normal.  These  findings  suggest  that  the  main 
abnormality  of  motion  is  erratic  rather  than  excessive  movement. 

The  moderately  deteriorated  discs  also  demonstrated  a  shift  Interiorly  of  the  centrode  into  the  body  of  L5. 
Axial  loading  had  a  minimal  effect  on  the  centrodes  and  repeated  runs  did  not  appreciably  change  the 
length  or  position. 

This  technique  has  demonstrated  that  94*  of  radiographically  abnormal  spinal  motion  segments  are  detected 
by  the  centrode  pattern  method,  as  opposed  to  25*  using  flexion/extension  radiographs. 


CONCLUSIONS: 


The  Instantaneous  centres  of  rotation  for  small  angles  (3  degrees)  is  accurate  (within  1.0  mm),  reproducible 
and  rapid  using  this  method.  In  normals,  the  pattern  is  located  within  the  posterior  third  of  the 
Intervertebral  disc  and  measures  approximately  20  nm.  Degenerative  changes  cause  an  Increase  in  the  length 
of  the  centrode  independent  of  the  range  of  motion.  As  degeneration  continues  to  a  moderate  degree,  the 
position  of  the  centrode  shifts  inferiorly  to  the  15  vertebra. 

The  technique  is  sensitive,  detecting  94*  of  the  abnormal  spines,  compared  with  only  25*  detected  by 
flexion/extension  radiographs.  Axial  loading  had  no  significant  effect  o.i  the  length  or  position. 


ADDENDUM:  CENTRODE  PATTERNS  IN  NORMAL  SUBJECTS: 


The  assessment  of  centrode  patterns  In  vivo  in  normal  volunteers  has  recently  been  undertaken  for  both  the 
L4-5  and  L5-S1  levels  (13).  Twenty-one  normal  males,  under  the  age  of  32,  were  assessed  for  a  total  of 
12  studies  at  L4-5  and  L5-S1. 

Because  of  technical  factors  it.  was  not  possible  to  employ  the  exact  technique  utilized  for  the  cadaver 
studies.  The  method  was  modified  to  obtaining  5  lateral  radiographs  of  the  patient  from  full  extension 
to  full  flexion  and  calculating  the  Instantaneous  centres  of  rotation  for  each  arc  of  rotation  of 
approximately  3  degrees.  Acetate  tracings  and  contour  matching  techniques  recorded  the  relative  positions 
of  the  vertebral  bodies  on  each  film.  Multiple  tracings  of  each  radiograph  combined  with  a  digitizer  and 
computer  were  used  to  Improve  precision  in  the  calculated  centrode  patterns. 

Centrode  lengths  were  found  to  measure  43.7  mm  and  59.9  i*i  respectively  for  the  L4-5  and  L5-S1  levels. 


20-4 


The  study  demonstrated  precise  centrode  pattern  analysis  for  sagittal  plane  motion  of  the  lumbar  spine  in 
vivo.  Inter-observer  and  same  observer  differences  were  minimal.  Studies  are  now  underway  to  determine 
whether  this  technique  will  be  useful  as  a  clinical  test  in  diagnosing  early  segmental  instability  of  the 
lumbar  spine  in  patients  with  low  back  pain. 
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TABLE  1  -  RATING  SYSTEM 


Osteophytes 

Range  of  motion 

Disc/height  ratio 


Discogram 


TABLE  2  - 

SPECIMENS 

Nonna  1 

10 

Minor 

10 

Mild 

11 

Moderate 

12 

Severe 

_4 

Total 

47 

0  -  Normal 

1  -  Small 

2  -  Large 

0  -  14°-21° 

1  ->21° 

2  -<  14° 

0  -  >34 

1  -  25-34 

2  -  17-25 

3  -  <  17 

0  -  Normal 

1  -  Grades  I  &  II 

2  -  Grade  III 

3  -  Grade  IV 


TABLE  3  -  COMPARING  ACCURACY  OF  RANGE  OF  MOTION  VS  CENT RODE  -  FOR  DETECTING  ABNORMAL  SPINAL  MOTION  SEGMENTS 

(courtesy  SPINE) 


ROM 

CENTRODE 

N  Abnormal 

% 

Abnormal 

N  Abnormal 

% 

Abnormal 

Minor 

Mild 

16 

5 

25* 

1 

20 

95* 

Minor 

Mild 

Moderate 

25 

8 

25 

2 

31 

94 

*  P<0.01 


TABLE  4  -  CENTRODE  LENGTH  AND  POSITION  (courtesy  SPINE) 


Length  In  am  Position  in  mn 

(avg.)  _ _ 

X  (avg.)  Y  (avg.) 


Normal 

20.9* 

11.6 

0.6 

Minor 

115.7 

9.1 

1.4 

Mild 

78.0 

8.6 

-0.6 

Moderate 

48.7 

10.0 

-7.8* 

Severe 

33.6 

10.6 

2.3 

•The  average  length  of  the  normal  centrodes  was  statistically  significant 
compared  with  all  groups  (P< 0.001)  except  for  the  severe  group  (P>0.25). 
The  average  vertical  position  (Y-co-ordinate)  of  the  moderate  centrodes 
was  statistically  different  from  all  other  groups  (P<  0.001). 
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T27  Mild 


Figure  3  -  Mild  Degenerative  Disc  Disease  with  Centrode  Pattern  (courtesy  SPINE) 


T8  Moderate 


Figure  4  -  Moderate  Degenerative  Disc  Disease  with  Centrode  Pattern  (courtesy  SPINE) 
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D4  Severe 


Figure  5  -  Severe  Degenerative  Disc  Disease  with  Centrode  Pattern  (courtesy  SPINE) 


ROTATION  TRANSLATION 


Figure  6  -  Movement  of  the  centre  of  rotation  Is  shown  when  rotation  and  translation 
occurs  at  the  notion  segment.  Note  the  large  excursion  Inferlorly  of  the 
centre  of  rotation  when  translation  occurs  with  rotation,  (courtesy  SPINE) 


DI9CT88I0H 


BOWDEN,  CAt  Have  you  considered  the  centrode  length  in  relation  to  back  pain,  since  you  show 
that  it  increases  for  moderate  or  mild  degeneration  and  then  it  decreases  in  severe  cases?  We  know 
that  back  pain  is  most  cosunon  among  those  of  middle  age  and  tends  to  decrease  in  prevalence  among  older 
people,  although  degeneration  Itself  does  increase.  Were  the  more  severely  degenerated  spines  from 
older  cadavers,  and  would  you  be  prepared  to  comment  on  the  relationship  between  the  centrode  length 
and  back  pain? 

GERTZBEIN,  CA:  We  only  had  4  specimens  in  our  severe  group,  so  it  is  hard  to  predict  what  the 
real  lengths  would  have  been  in  that  group.  The  fact  that  we  are  dealing  with  is  that  back  pain  is 
more  of  a  symptom  than  a  disease.  The  causes  of  back  pain  are  legion,  so  I'm  sure  there  are  many  fac¬ 
tors  which  will  influence  the  centrode  pattern.  One  of  the  most  important,  I  think,  will  be  muscle 
spasm;  and  1  think  this  test  probably  will  not  be  very  accurate  for  people  with  acute  back  pain  because 
a  spasm  will  limit  the  motion  and,  therefore,  increase  the  error  of  the  technique,  what  I  was  inter¬ 
ested  in,  when  I  first  got  started  on  this  study,  was  to  determine  if  I  could  pick  out  people  who  had 
chronic  back  problems  with  very  little  radiographic  findings,  in  order  to  determine  if  they  were  ma¬ 
lingerers  at  functional  overlay,  or  whether  there  was  a  real  abnormality  in  the  spine  that  we  were  not 
picking  up  by  the  usual  methods. 

AKKERVEEKEN,  NE:  I  have  a  question  about  the  problem  of  abnormal  movement  in  a  population  with 
so-called  symptoeiatic  degeneration  versus  a  population  with  asymptomatic  degeneration.  Could  you  com¬ 
ment  on  that,  and  do  you  expect  differences  in  the  motion  segment,  as  far  as  movement  is  concerned? 

GERTZBEIN,  CA:  I  have  tried  to  emphasize  that  this  is  just  a  test,  and  it  has  to  be  taken  into 
context  with  other  factors.  Obviously,  the  clinical  assessment  is  probably  the  single  most  important 
aspect.  If  the  patient  has  back  pain  and  other  findings  on  physical  examination,  but  minimal  radio- 
graphic  changes,  then  this  test  may  be  helpful  in  identifying  where  the  pain  is  coming  from;  but  I'm 
sure  that  there  are  a  number  of  people  walking  around  who  have  instability  of  their  spine  and  don't 
have  pain.  I  can't  explain  as  to  why  one  person  would  have  pain  and  another  wouldn't. 

AKKERVEEKEN,  NE;  I  don't  intend  to  ask  you  that.  You  took  a  population  of  normals,  but  I  want 
you  to  take  the  next  step;  to  take  a  population  with  mild  degenerative  changes,  but  without  any  his¬ 
tory  of  back  pain  whatsoever;  and  do  the  test  again,  comparing  that  population  with  a  population  of 
patients  with  the  same  radiographical  changes  in  the  lumbar  spine.  That ' b  what  I'm  interested  in. 

GERTZBEIN,  CA i  Nell,  we're  going  back  even  one  step  further  than  that  now.  Ne're  going  to  take 
normals  in  different  age  groups:  under  35,  35  to  50,  and  50  to  75  and  get  the  normal  values  for  that 
group  of  people.  That's  the  first  step. 

AKKERVEEKEN,  NE:  Do  they  have  to  have  normal  X-rays? 

GERTZBEIN,  CA:  Yes;  then,  from  there,  we  will  have  to  look  at  those  people  whose  X-rays  we  find, 
incidentally,  to  have  asymptomatic  degenerative  changes,  and  see  what  their  central  patterns  look  like 
compared  to  the  normals  of  that  age  group.  So,  it's  an  ongoing  study,  and  this  is  one  of  the  questions 
that  we  would  like  to  answer. 

IANDOLT,  CA:  Bow  does  total  body  radiation  exposure  in  your  technique  compare  with  that  used  in 
the  standard  method  for  measuring  spinal  segment  motion  through  flexion/extension  radiography? 

GERTZBEIN,  CA:  When  we  did  the  studies  on  the  volunteers,  we  used  a  technique  which  gave  them 
about  504  of  the  radiation  exposure  of  a  full  set  of  lumbar  X-rays.  That  full  set  Includes  flexion/ 
extension  films:  AP,  lateral,  and  obliques.  So,  if  we  are  worried  about  instability  in  a  patient, 
rather  than  expose  them  to  that  full  series,  we  can  get  the  same  information  with  our  technique  at  half 
the  radiation.  The  technique  has  some  flaws  in  it,  and  we  are  now  modifying  it  even  more  and  getting 
better  quality  films,  but  that  has  Increased  the  radiation  exposure  from  504  to  664  of  the  normal 
study.  Me  are  still  well  below  the  normal  for  our  hospital,  and  our  hospital  gives  about  504  of  what 
the  community  hospitals  give  In  radiography  for  the  spine.  So,  I  think  it's  a  safe  technique. 
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ABSTRACT 

Questions  regarding  back  pain  in  different  body  positions  and  earlier  sick li sting  due  to  back 
disorders  have  been  answered  by  5  093  men  aged  23-47  (average  age  37)  who  were  about  to  do  military  field 
service.  Fifty-three  per  cent  reported  that  they  had  had  back  pain  at  some  time  and  14  per  cent  stated 
that  they  had  been  sick-listed  for  more  than  one  month  in  all  due  to  back  trouble.  A  subsample  was 
subjected  to  a  standardized  physical  examination  of  the  back,  average  examination  time  9  min,  and  the 
frequency  eurd  location  of  pain,  stiffness  or  other  impairments  are  given.  Subjects  vho  experienced  back 
pain  during  field  service  and  whose  military  post  was  physically  heavier  than  their  civilian  occupation 
had  on  an  average  lower  isometric  strength  in  abdominal  muscles  as  well  as  in  bade  muscles  than  other 
subjects.  The  physical  examination  of  the  limbar  spine  was  more  efficient  in  separating  subjects  who 
experienced  back  pain  during  military  field  service,  than  information  on  earlier  sick-listing  due  to  back 
trouble  and  heaviness  of  the  military  post  as  oenpared  to  civilian  occupation. 


Disorders  and  impaired  functioning  of  the  back  accounts  far  a  considerable  nuntoer  of  sick  leave  days 
and  thereby  loss  of  production  in  Sweden  (4,  5,  6)  thus  constituting  a  serious  problem.  These  conditions 
are  often  combined  with  and  influenced  by  psychic,  psychological  and  social  factors  (5).  It  is  therefore 
difficult  to  determine  to  what  extent  impaired  back  function  is  the  main  reason  for  side-listing  ascribed 
to  bade  disorders. 

The  back  is  exposed  to  a  considerable  amount  of  mechanical  stress  (11).  A  standardized  physical 
examination  of  the  back  mainly  concentrated  on  mechanical  function  and  tenderness  in  the  different  parts 
of  the  spine  has  therefore  been  performed  in  order  to  assess  the  validity  for  prediction  of  work 
tolerance  during  military  field  service.  The  predictive  value  of  self-reported  bade  pain  history  was  also 
studied. 

Sweden  has  universal  conscription  for  men  and  basic  military  training  for  9  to  15  months,  at  the 
approximate  age  of  20,  which  is  as  a  rule  followed  by  three  2-4  weeks  refresher  courses,  to  which  men  up 
to  the  age  of  47  can  be  draughted.  This  study  was  one  part  of  an  investigation  regarding  health 
examination  before  military  refresher  training.  The  investigation  was  ordered  by  the  Swedish  government 
and  was  carried  out  by  the  enrollment  Board  of  the  Armed  Forces  in  co-cperation  with  the  Medical  Beard  of 
the  Armed  Forces. 

SUBJECTS 

The  subjects  were  ocrpiled  from  three  studies  carried  out  in  different  parts  of  Sweden:  Southern 
Sweden  (S),  Western  Sweden  (W),  and  Bergslagan  (B),  (i.e.  three  of  Sweden's  six  recruiting  areas).  (In 
the  following  the  areaa/studiee  are  referred  to  as  area /study  S,  W  and  B  respectively) .  All  three  areas 
include  urban  and  rural  districts  but  area  B  includes  more  woodland  than  area  S  end  W. 

A  representative  sanple  (rv<649)  consisting  of  all  men  in  the  areas  born  on  the  fifteenth  of  any 
month  who  were  about  to  do  their  military  field  service  refresher  course  received  questionnaires. 

Although  Sweden  has  universal  conscription  for  man  the  sanple  is  biased  as  men  rejected  at  conscription 
or  during  basic  training  are  excluded.  Replies  were  obtained  from  5  093  ran  (i.e.  76.6%)  aged  23-47 
years,  with  a  mean  age  of  37  years.  The  occurrence  of  back  pain  was  studied  in  this  grexp.  Sub-sanples 
ware  then  selected  for  further  investigations ■  As  the  studies  were  not  exclusively  concerned  with  beck 
pain  and  as  the  objectives  varied  somewhat  between  study  S,  W  and  B  the  criteria  for  selection  varied  as 
shown  by  Table  I.  One  additional  criterion  was  that  participation  in  the  examinations  was  voluntary. 

Almost  all  subjects  in  the  sub-sanples  from  areas  S  and  W  mdsrwsnt  physical  examination  of  the  back, 
whereas  the  subjects  from  area  B  were  examined  only  if  they  had  given  an  affirmative  answer  to  the 
question:  Are  you,  or  have  you  bean,  suffering  from  back  pain?  The  nunber  of  subjects  examined  is  given 
in  Table  I. 

A  follow-tp  study  of  beck  pain  during  the  field  service  was  only  included  in  studies  S  and  B,  and 
hare  the  timbers  were  further  reduced  (see  Table  I)  as  soma  subjects  had  been  allowed  to  postpone  their 
service.  In  addition  acne  were  declared  tenponrily  or  pernmnantly  unfit  for  service,  and  finally  some 
subjects  did  not  return  the  follow-up  questionnaire. 

fences 


I .  Back  pain  history.  Questionnaires  Including  B  questions  on  bade  troubles  (Table  II )  ware  mailed  to 
potential  subjects. 
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II.  Standardized  physical  examination  of  the  back  was  carried  out  by  specially  trained 
physiotherapists  according  to  a  schema  including  the  following: 

(a)  Tests  of  mobility  and  tenderness.  The  tests  were  considered  positive  if  the  nobility  was  reduced 
or  if  the  movement  induced  pain. 

Straight  leg  raising  test;  SLR  (bilateral  testing  supine  body  position).  The  straight  leg  was  elevated 
up  to  90  degrees  flexion  in  the  hip  joint.  If  this  manoeuvre  evoked  pain  radiating  distally  to  the  knee 
the  finding  was  denoted  "genuine".  This  pain  is  caused  by  stretching  of  the  ischiadic  nerve.  A  restricted 
range  of  movement  ( <90  degrees)  not  acccnpanied  by  the  aforementioned  pain  was  denoted  "not  genuine".  The 
masts  common  cause  of  the  "not  genuine"  SLR  test  is  that  the  hamstring  muscles  are  too  short  to  permit  90 
degree  flexion  of  the  hip.  Palpation  of  the  muscles  during  the  test  cam  confirm  this. 

Hip  joints  (supine  body  position)  •  Restriction  of  movement  was  defined  as  inward  rotation  of  the  hip 
joint  <l6  degrees,  outward  rotation  <20  degrees  or  inability  to  extend  the  hip  to  0  degrees. 

Cervical  spine.  All  mobile  segments  between  the  occiput  and  the  thoracic  spine  were  tested  with  the 
patient  sitting  (8)  .  The  term  "mobile  sequent"  is  used  as  a  ccnprehensive  term  for  movable  structures 
between  two  vertebras  (7).  If  the  finding  was  inconclusive  the  examination  warn  also  carried  out  in  supine 
body  position.  Both  rotation  (to  the  right  and  to  the  left)  and  ante-  and  retroflexion  were  tested. 

The  lintoar  spine  was  tested  using  two  methods,  one  inplying  more  specific  testing  of  isolated  segments 
than  the  other. 

1.  Specific  testing  (8)  (side-lying  position)  during  extension,  flexion  and  rotation  of  each 
mobile  segment.  If  pain  was  evoked  and/or  the  mobility  was  restricted  the  test  was  repeated  with  the 
person  lying  on  the  other  side. 

2.  Stoddard's  "springing  test"  (17)  (prone  body  position  with  the  lurrbar  spine  in  lordosis 
produced  by  a  pillow  placed  under  the  chest).  With  her  second  and  third  finger  placed  on  each  side  of  the 
spinal  processes  the  physiotherapist  exerted  a  vertical  pressure  on  the  spine.  The  main  issue  in  this 
test  was  to  establish  if  the  pressure  induced  pain,  but  the  test  also  gave  some  information  about  the 
elasticity  and  the  mobility  of  the  segments  tested. 

(b)  Isometric  strength  of  trunk  nuscles  was  tested  with  the  subjects  standing  upright  on  a  on-slip 
material  with  the  arms  hanging  loosely.  When  testing  strength  in  (attempted)  forward  flexion  a  strap 
connected  to  a  strain  gauge  transducer  was  placed  around  the  chest  immediately  beneath  the  axille.  The 
subject  was  then  instructed  to  support  the  lower  part  of  the  bade  against  a  padded  plate  and  to  bend 
forward  as  forcefully  as  possible,  without  jerking,  for  2-3  seconds.  The  highest  value  obtained  in  3-4 
trials  was  recorded.  When  testing  strength  in  (attempted)  extension  the  subject  was  turned  around,  thus 
supporting  the  pelvis  against  the  plate  and  the  strap  was  placed  around  the  back.  Otherwise  the  procedure 
was  the  same  as  for  forward  flexion.  The  transducer  and  the  supporting  plate  ware  attached  to  a  stand 
(manufactured  by  Medicinska  Apparater,  Sodertal je,  Sweden),  and  counterbalanced  so  that  they  could  easily 
be  adjusted  according  to  the  height  of  each  subject.  The  transducer  and  the  recording  and  calibration 
unit  were  manufactured  by  Uofors  AB,  Sweden. 

III.  Follow-up  regarding  back  problems  during  field  service.  1-2  months  after  the  physical 
examination  of  the  back  the  subjects  served  for  three  weeks  in  their  respective  poets  within  the  army. 
Depending  on  the  actual  post  this  meant  different  degrees  of  physical  work  and  load  of  the  back  from 
light  to  heavy.  At  the  end  of  the  field  service  the  subjects  answered  the  following  two  questions:  Did 
you  experience  back  trouble  during  the  field  service?  Was  your  military  poet  physically  heavier  than  ycur 
civilian  occupation?  The  answers  to  these  questions  were  compared  to  the  results  of  the  physical  history 
of  back  pain. 

RESULTS 

I.  Back  pain  history  • 

The  percentages  of  affirmative  answers  to  each  question  regarding  the  back  and  its  function  sure  given  in 
Table  II.  Fifty-three  per  cent  of  the  subjects  stated  that  they  had  had  back  pain,  28  per  cent  that  they 
got  pain  when  walking  and  14  per  cent  reported  that  they  had  been  side-listed  for  a  total  of  more 
than  one  month  due  to  beck  trouble. 

II.  Physical  examination  of  the  back. 

In  the  cervical  spine  most  positive  findings  were  located  to  the  cranial  (C2)  and  the  caudal  parts  (C5 
and  C6)  (Table  III).  In  the  lumbar  spine  most  positive  findings  were  located  to  the  most  caudal  parts.  In 
the  neck  joints  a  combination  of  pain  and  restriction  of  mobility  was  more  common  (8  cases)  than  pure 
restriction  of  mobility  (3  oases).  In  the  rest  of  the  spine  pure  restriction  of  mobility  was  dominant. 
There  was  a  good  agreement  between  the  results  from  the  two  methods  for  examination  of  the  lumbar  spine 
(Table  III).  Of  the  148  oases  with  positive  findings  at  the  specific  test  131  also  had  a  positive 
springing  test.  In  moot  cases  only  one  mobile  segment  was  affected  (Table  IV)  but  findings  involving  2  cr 
3  segments  also  occurred.  The  SLR-test  was  positive  in  42  of  the  113  cases  in  study  B  and  15  of  these 
were  "genuine",  i.e.  had  pain  radiating  distally  to  the  knee. 

Isometric  strength  in  trunk  muscles 

Significantly  lower  strength  during  trunk  extension  (p<0.05)  was  cbeerved  in  subjects  who  stated  that 
they  had  been  side-listed  for  more  than  one  month  as  compared  to  the  other  subjects  (Table  V) .  During 
forward  flexion  no  significant  difference  was  shown  between  these  two  groups. 

The  force  measured  in  trunk  flexion  and  extension  was  on  the  average  sigiifioantly  lower  in  subjects 
with  abnormal  findings  at  the  physical  examination  as  compared  to  subjects  with  normal  findings  (Table 
VI). 


Subjects  who  experienced  bade  pain  during  the  field  service  and  whose  military  poet  was  heavier  than 
their  civilian  occupation  had  on  an  average  lower  muscle  strength  in  trunk  forward  flexion  (<0.05)  and 
trunk  backward  extension  (p<0.001)  than  other  subjects  (Table  VII). 

III.  Occurence  of  back  pain  during  field  service  in  relation  to  (a)  results  of  physical  examination  of 
the  back,  (b)  earlier  sick-listing  ascribed  to  back  trouble,  and  (c)  heaviness  of  military  tasks  relative 
to  civilian  occupation. 

As  can  be  seen  from  Table  VIII  the  specific  test  of  the  lumber  spine  is  the  factor  that  best  predicts 
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occurrence  of  back  pain  during  field  service.  That  examination  gave  correct  prediction  in  164  cases  out 
of  a  total  of  197,  i.e.  in  83%  of  the  cases.  In  'table  IX  the  percentage  of  subjects  with  bade  pain  during 
the  service  are  given  for  all  oonbinatiens  of  the  three  factors. 

DISCUSSION 

I.  Frequency  of  bade  pain  and  impaired  back  function. 

The  finding  that  53%  of  our  subjects  stated  that  they  had  had  back  pain  is  similar  to  the  55%  found  in 
men  aged  25-44  with  heavy  manual  work  (6)  and  to  the  61%  found  in  male  employees  (average  age  40  years) 
of  a  Danish  factory  (15)  whereas  the  incidence  is  higher  than  the  44%  found  in  men  aged  25-44  with  lictfrt 
manual  work  (6).  Our  finding  of  nearly  14%  reporting  aggregate  sick-leave  due  to  back  trouble  more  than 
one  month  is  naturally  semewhat  below  that  found  for  aggregate  incapacity  for  more  than  3  weeks;  about  17 
and  28%  for  men  aged  25-44  with  light  and  heavy  manual  work  respectively  (6). 

II.  The  clinical  examination 

The  time  required  for  the  examination  averaged  9  minutes.  In  cases  with  abnormal  findings  or  inpaired 
function  a  considerably  longer  time  was  needed  for  additional  examinations  (e.g.  examination  of  the 
cervical  spine  in  lying  position  and  examination  of  the  lumbar  spine  with  the  subject  lying  on  either 
side).  It  is  essential  that  the  time  reserved  for  the  examination  is  sufficient  as  the  accuracy  of  the 
results  will  otherwise  deteriorate. 

Screening  of  the  hip  joint  was  included  as  disorders  of  the  hip  joint  can  affect  the  back  and 
particularly  the  lunbar  spine.  Roentgenographs  were  not  taken  as  the  correlation  between  roentgenological 
changes  and  back  trouble  is  generally  poor  (6),  although  there  are  some  exceptions. 

In  our  study  subjects  who  had  relatively  heavy  military  tasks  and  experienced  back  pain  during  the 
service  had  on  an  average  lower  trunk  nuscle  strength  than  other  subjects  (Table  VII).  Nachemson  &  land 
(12)  also  found  lower  isometric  abdominal  and  back  treacle  strength  in  patients  suffering  from  low  back 
pain  than  in  controls,  but  concluded  that  this  finding  was  probably  due  to  pain  inhibition  or  fear  of 
pain  and  a  result  of  prolonged  inactivity,  i.e.  detraining.  They  considered  nuscle  weakness  to  be  of 
minor,  if  any,  importance  for  the  genesis  of  low  back  pain.  This  does,  however,  not  exclude  that  strong 
abdominal  and  back  nuscles  are  essential  for  the  ability  to  tolerate  heavy  loads  on  the  trunk.  In 
addition,  it  may  well  be  that  subjects  with  strong  trunk  nuscles  an  the  average  exert  themselves  to 
heavier  loads  than  subjects  with  weaker  trunk  muscles,  i.e.  that  the  load/strength  ratio  is  about  the 
seine  for  subjects  with  high  and  low  strength.  This  oould  imply  that  trunk  nuscle  strength  is  of 
importance  although  not  demonstrable  in  some  studies  due  to  their  design.  Prospective  studies  in  which 
trunk  nuscle  strength  is  measured  prior  to  the  development  of  back  trouble  in  subjects  with  different 
load/strength  ratios  are  thus  desirable. 

Chaffin  (1)  found  that  the  job-related  law  back  pain  incidence  rate  was  increased  about  three  times 
in  groups  of  employees  on  a  given  job  if  their  average  load/strength  ratio  was  above  1.0  as  ccnpared  to 
groups  with  lower  load/strength  ratios.  As  that  study  like  curs  included  subjects  who  had  experienced  lew 
back  pain  prior  to  the  strength  testing  it  does  not  indicate  whether  hic£i  load/strength  ratio  is  a 
primary  cause  of  lew  back  pain  or  if  it  is  a  secondary  effect.  Furthermore,  the  period  of  observation  was 
only  about  one  year  and  average  load/strength  ratios  were  used,  whereas  individual  ratios  would  have  been 
preferred. 

Further  indications  of  the  possible  significance  of  nuscle  strength  are  given  by  Kendall  &  Jenkins 
(9)  and  Lids tram  t>  Zackrisson  (10)  who  in  controlled  studies  found  that  iscmetric  exercises  gave  better 
results  than  flexion  and  extension  exercises.  Dalen  (2)  also  stated  that  iscmetric  training  of  abdominal 
nuscles  was  an  effective  treatment  of  back  pain  in  young  soldiers.  Weakness  of  abdominal  nuscles  may 
limit  the  ability  to  increase  the  intra-abdominal  pressure,  which  otherwise  is  a  mean  of  assisting  the 
spine  in  withstanding  the  forces  acting  on  the  trunk  (for  ref  see  3). 

The  usefulness  of  strength  measurements  for  prediction  of  back  pain  can  be  questioned  as  there  is  a 
considerable  overlapping  between  the  frequency  distributions  of  strength  values  for  subjects  with  and 
without  pain  as  indicated  by  the  standard  deviations  given  in  table  VII.  Strength  measurements  (trunk 
backward  extension),  however,  has  been  used  for  prediction  of  maximum  loads  in  lifting  (14)  and  might  be 
desirable  when  deciding  if  a  subject  is  fit  for  a  military  post  car  a  civilian  occupation  demanding 
lifting  and  carrying  of  heavy  loads.  Measurements  of  trunk  nuscle  strength  might  be  more  adequate  than 
measurements  of  leg  and  arm  nuscle  strength  as  it  according  to  seme  authors  "is  known  that  the  legs  and 
the  arms  can  carry  loads  far  in  excess  of  these  vAuch  the  forward  inclined  back  can  sustain"  (14).  This 
assumption  is  supported  by  a  study  (13)  in  vAiidi  subjects  had  to  lift  a  20  kg  box  100  times  in  as  short  a 
time  as  possible,  and  where  the  time  required  correlated  better  with  iscmetric  strength  in  forward 
flexion  and  backward  extension  than  with  iscmetric  strength  in  elbow  flexion  and  knee  extension.  An 
alternative  approach  to  the  problem  is  to  establish  "safe  load  levels"  (3),  i.e.  loads  that  can  be 
handled  by  the  weakest  fit  soldier  without  increased  liability  to  report  back  injuries.  Within  the  armed 
forces  it  is,  however,  often  more  realistic  to  take  advantage  of  the  capacity  of  the  stronger  soldiers 
than  to  decrease  the  weight  of  all  heavy  loads  so  that  they  can  be  safely  handled  by  any  soldier. 

The  study  has  strictly  been  limited  to  "diagnosis”.  Ttierapeutic  advising  and  treatment  were  excluded 
In  order  not  to  invalidate  the  study  concerning  the  predictive  value  of  the  "diagnosis".  A  routine 
examination  system  should,  however,  if  possible,  be  combined  with  therapeutic  advising.  The 
physiotherapists  found  it  unsatisfactory  not  to  be  given  time  or  permission  to  advise  the  subjects. 

HI.  Follow-up  study  regarding  back  function  during  field  service. 

All  investigated  factors,  i.eT  physical  examination,  earlier  side-listing  and  relative  heaviness  of 
military  poet,  correlated  with  occurrence  of  back  problems  during  the  field  service  (table  VIII).  The 
predictive  value  of  a  negative  test  (PVheg)  was  about  the  same  for  all  factors  (82-89%),  vAwreas  the 
predictive  value  of  a  positive  test  (FVpoe)  was  highest  for  the  physical  examination,  especially  that  of 
the  lunbar  spine.  The  average  EV  for  the  1  unbar  spine,  specific  test,  was  sigiificantly  higher  than  the 
average  FV  for  civilian  sick-leave  >1  month  (p<0.05)  and  relative  heaviness  of  the  military  job 
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(p<0.001).  Also  when  studying  oontoinaticns  of  three  resk  factors  (Table  IX)  it  is  evident  that  positive 
findings  at  the  physical  examination  is  the  main  "risk  factor".  The  rather  low  PVpoe  for  earlier 
sick-leave  indicates  that  even  if  the  history  of  a  previous  bout  of  low  bade  pain  probably  is  the  rrost 
helpful  tip-off  for  identifying  men  who  will  become  low  back  disability  cases  (16),  reliance  cn  history 
alone  is  not  always  sufficient.  We  think,  in  agreement  with  Rowe  (16)  that  a  positive  history  should 
trigger  a  back  examination,  especially  when  it  can  be  suspected  that  the  subject  may  distort  his  own 
medical  history,  intentionally  or  unintentionally,  e.g.  to  get  disability  pension  or  to  dodge  heavy 
military  posts  (or  acquire  a  desired  job).  Back  pain  without  consistent  findings  may  be  a  manifestation 
of  a  situation  problem  (16). 

It  should  be  emphasized  that  our  subjects  ware  not  randomly  selected.  However,  the  selections  1  bias 
was  intentional  and  thought  to  be  appropriate  as  the  same  method  of  selection  -  i.e.  selection  of 
voluntary  hi<h  risk  oases  by  means  of  a  questionnaire  -  was  intended  in  the  routine  application  of  the 
health  examination  that  was  recommended  cn  the  basis  of  the  investigation. 

As  the  abjective  of  the  study  was  to  elucidate  the  possibility  of  predicting  work  tolerance,  ideally 
no  subjects  should  have  been  discharged  or  transferred  to  a  less  demanding  job,  irrespective  of  the 
result  of  the  physical  examination.  For  medical  reasons,  however,  a  few  subjects  with  pronounced 
functional  disturbances  had  to  be  diaharged  or  transferred,  which  most  probably  means  that  the  predictive 
value  is  somewhat  underestimated.  Considering  this  and  the  fact  that  many  subjects  who  at  conscription  or 
during  earlier  service  had  complaints  about  the  back  already  had  been  allocated  to  less  demanding  poets 
or  even  been  discharged,  one  should  not  expect  very  high  predictive  values  for  the  factors  studied. 
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Table  1 


Ccnpoei.ti.on  of  sanple  and  subeanples 


Study 

S _ 

w 

B 

Total 

No.  who  returned  questionnaire 

1  790 

2  102 

1  201 

5  093 

Reason  for  selection 

Back  pains1 2 3 4 5 6 7 8 

0 

67 

48 

115 

Other  ocnplaintsb 

94 

252 

170 

516 

Controls  without  other  ocrplaints 

100 

0 

0 

100 

Total  no.  selected 

194 

319 

218 

726 

No.  who  underwent 

Testing  of  back  strength 

194 

308 

212 

714 

Physical  examination  of  the  back 

194 

308 

113c 

615 

No.  in  follow-up  study 

139 

0 

58 

197 

a 

Affirmative  answers  to  questions  1,  5  and 

8  in  Table  II.  In  study  S  no 

subjects  were 

selected  because  of  back  pains.  However,  31  subjects  selected  for  other 

reasons  had 

given  an  affirmative  answer  to  question  8. 

K 

D 

Complaints  concerning  circulation,  mental 

status, 

digestion , 

kidneys  or  joints  (other 

than  those  oonnected  with  back  problems), 
c 

Only  those  with  an  affirmative  answer  to  question  1  in  Table  II  underwent  physical 
examination  of  the  back  in  study  B. _ 


Table  II. 


Answers  to  questions  about  back  pain  and  back  disorders 


Study 

S _ W _ B_ 

Nurrtoer  of  questionnaires  answered  1  790  2  102  1  201 

Total 

Questions _ Per  cent  affirmative  answers _ 5  093 


1.  Are  you  or  have  you  been  suffering 
from  pain  in  the  back? 

2.  Is  the  pain  located  in  the  back  only? 

3.  Is  the  pain  located  both  in  the  legs 
and  in  the  back? 

4.  Do  you  get  pain  when  sitting? 

5.  Do  you  get  pain  when  lying  down? 

6.  Do  you  get  pain  when  standing? 

7.  Do  you  get  pain  when  walking? 

8.  Have  you  been  sick-listed  for  more  than 

1  month  in  all  due  to  back  pain  or 
back  disorders? _ 


52.7 

51.5 

54.4 

52.6 

29.6 

?0.1 

24.2 

24.4 

18.0 

30.0 

29.6 

25.7 

22.1 

23.7 

26.1 

23.7 

18.5 

20.3 

20.6 

19.8 

27.4 

30.3 

36.3 

30.7 

23.5 

28.3 

32.5 

27.6 

13.4 

13.4 

15.2 

13.8 

Table  III. 

Frequency  and  location  of  positive  findings  (pain  and/or  restricted  mobility) 
at  the  physical  examination  of  the  cervical  and  the  luirbar  spine  in  308  men 
(mean  age  39)  from  study  W 

(The  location  is  denoted  by  the  cranial ly  positioned  vertebra.  The  nurrber  of 
subjects  with  restricted  mobility  only  is  given  within  parentheses ) . 


Cervical  spine 


C0+C1 

C2 

C3 

C4 

C5  C6 

C7 

No.  of  findings 

11(3) 

19(13) 

4(2) 

12(8) 

21(17)  22(16) 

5(5) 

Luitar  spine 

No.  of  findings  at 

U 

L2 

L3 

L4 

L5 

a)  Specific  test 

1(0) 

1(0) 

6(5) 

53(40) 

100(69) 

■UQB 

48(29) 

104(33) 
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Table  IV. 


Spread  of  the  positive  findings  in  308  men  from  study  W 
Nuntoer  of  cases  with  1,  2  and  3  affected  segments 


No.  of  affected  mobile  segments 


Findings  in 

1 

2 

3 

Cervical  spine 

52 

15 

4 

Luntoar  spine 

a)  Specific  test 

135 

13 

0 

127 

16 

0 

Table  V. 

Strength  of  trunk  rruscles  (Newton,  N)  in  subjects  from  study  S  in  relation 
to  statements  on  earlier  sicklisting 

Earlier  sick-listing 

Significance  of 

<1  mo.  (n=163)  >1  mo.  (n=31)  difference 

Mean _ S.D. _ Mean  S.D. _ between  means 

Forward  flexion  717  216  680  206  p>0.15 

_ Backward  extension _ 895 _ 259 _ 790  271  p<0.05 


Table  VI. 

Strength  of  trunk  rruscles  (N)  in  subjects  from  study  S  in  relation 
to  findings  at  the  physical  examination  of  the  back 

Earlier  sick-listing 


Normal  findings  Abnormal  findings  Significance  of 

(n=121)  (n=73)  difference 


Mean 

S.D. 

Mean 

S.D. 

between  means 

Forward  flexion 

738 

208 

664 

218 

p<0.01 

Backward  flexion 

919 

247 

808 

276 

p<0.01 

Table  VII. 

Strength  of  trunk  muscles  (N)  of  subjects  in  study  S  in  relation  to  occurrence  of  back  pain 
during  field  service  and  relative  heaviness  of  military  post  as  ccnpared  to  civilian 
occupation  (-  =  military  poet  equal  or  lighter  than  civilian  occupation, 

+  =  military  post  heavier  than  civilian  occupation, )  (n=139) 


No  back  pain 


Back  pain 


Relative  heaviness 


+ 


+ 


Nuntoer  of  subjects 

Forward  flexion 
Mean 
S.D. 


Backward  extension 
Mean 
S.D. 


68  50 


8  13 


769 

737 

220 

190 

933 

923 

255 

232 

692 

582 

186 

198 

941 

674 

223 

207 
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Table  VIII. 

Occurrence  of  back  pain  during  field  service  in  relation  to  findings  at  physical  examination, 
earlier  sick-listing  due  to  back  disorders,  and  relative  heaviness  of  military  post 

+  =  positive  test,  -  =  negative  test.  PV  =  predictive  value. 

PVpos  =  percentage  with  positive  test  who  got  back  pain  during  field  service 
PVneg  =  percentage  with  negative  test  who  did  not  get  back  pain  during  field  service 
Average  PV  is  the  weighted  mean  of  PVpos  and  PVneg 


No 

Average 

2 

Test 

Result 

Pain 

pain 

PVpos 

PVneg  PV 

X 

P 

SLR 

a 

+ 

12 

9 

57 

80 

15.67 

<0.001 

- 

30 

146 

83 

Hip  joints 

+ 

10 

13 

43 

77 

6.20 

<0.02 

- 

32 

142 

82 

Cervical  spine 

+ 

12 

16 

43 

77 

7.59 

<0.01 

- 

30 

139 

82 

Luntoar  spine 

+ 

25 

16 

61 

83 

45.60 

<0.001 

Specific  test 

- 

17 

139 

89 

Springing  test 

+ 

23 

24 

49 

78 

29.94 

<0.001 

- 

19 

131 

87 

Earlier  sick-listing  due 

b 

+ 

17 

26 

40 

74 

9.53 

<0.01 

to  back  pain 

25 

129 

84 

Military  post  in  oonpariscn 

c 

+ 

26 

61 

30 

61 

5.93 

<0.02 

with  civilian  occupation 

- 

16 

94 

85 

a)  All  positive  findings  ("genuine"  as 

well  as 

"not  genuine") 

b)  More  than  one  month 

c)  Heavier 

Table  IX. 

Occurence  of  back  pain  during  field  service  in  197  men 

from  study  S  and  B 

in  relation  to  ccntoinations  of  three  risk 

factors 

Comb.  Sick-leave 

Physical  exam  of 

Relation  to 

Back 

troubles  during  field  service 

no.  >  1  month 

luntoar  spine 

military  job 

Fraction 

Percentage 

1  + 

+ 

+ 

7/8 

88 

2  + 

+ 

- 

5/6 

83 

3 

+ 

+ 

9/14 

64 

4 

+ 

- 

4/13 

31 

5  + 

- 

+ 

2/11 

18 

6  + 

- 

- 

3/18 

17 

7 

- 

+ 

8/54 

15 

8 

- 

- 

4/73 

5 

a+  »  military  job  heavier  than  civilian  ocupation 
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SUfWARY 

At  enlistment  6.824  young  men  (mean  age  18  years)  answered  a  questionnaire  concerning  back  trouble 
(BT) .  Out  of  these  999  passed  a  standardized  physical  examination.  A  follcw-up  one  to  four  years  later 
during  the  military  service  was  done,  including  the  same  physical  examination  and  questionnaire.  The  aim 
was  to  study  the  possibility  for  predicting  BT  during  this  time  course  and  the  correlations  between  the 
variables  at  enlistment  and  at  discharge.  Several  significant  correlations  were  found.  From  the  first 
physical  exam.  at-i.cn,  the  pain  tests  (springing  test,  coin  test)  correlated  with  the  degree  of  back 
trouble  at  d  harge.  The  questions  concerning  1)  Absence  from  school  or  work  and  2)  Effect  of  BT  cn 
every  day  li  before  enlistment  correlated  with  the  degree  of  BT  at  discharge.  The  highest  predictive 
value,  39%,  was  shown  from  the  answer  to  the  seoond  question.  The  answer  to  the  first  question  shewed  a 
predictive  value  of  25%.  Norte  of  the  examination  variables  shewed  predictive  value  over  20%.  Smoking  more 
than  20  cigarettes/ day  showed  a  predictive  value  of  23%.  Physical  data  like  height,  weight  and  nuscle 
strength  had  a  predictive  value  of  less  than  20%. 

AIMS 


This  investigation  was  performed  to  study  the  frequency  and  course  of  back  trouble  (BT)  during 
military  service,  from  enlistment  and  during  the  entire  basic  training.  Special  enphasis  was  given  to  the 
possibility  of  using  anamnesis  and  physical  status  at  enlistment  for  prediction  of  BT  during  the  coming 
military  service. 

As  BT  sinews  a  very  diverse  picture  it  is  difficult  to  analyze.  Furthermore,  the  individual  might 
not  be  able  to  distinguish  synptoms  from  the  hip  joints,  the  ilioeacral  joints  and  the  spine.  Therefore 
very  strong  correlations  between  the  variables  studied  can  not  be  expected. 

METHOD 

During  a  five  month  period,  ail  the  men  who  enlisted  for  military  service  in  the  Stockholm  area 
filled  out  questionnaires  concerning  back  trouble  (4).  Based  on  these  forms  999  man  were  selected  far 
an  additional  physical  examination.  The  physiotherapist's  (PT)  examination  (2,  7)  (in  order  as  below) 
included  checking  while: 

-  Standing:  1)  Difference  in  leg  length,  2)  Scoliosis  or  deviation  from  the  midline,  3)  Measuring  the 
distance  from  C7  to  the  horizontal  line  connecting  the  two  posterior  iliac  spines. 

-  Sitting:  Maximal  passive  rotation  of  the  head  with  slight  manual  lateral  load  while  noting  pain  or 
painful  tightness  (CERVSUM). 

-  Prone:  1)  Coin  test  (COINSUM)  -  light  pressure  (around  300  gr)  with  a  coin  between  the  spinal 
processes.  2)  Rotation  of  the  ilioeacral  joint  during  manual  fixation  of  the  sacrum  (SISUM).  3) 
Springing  test  frem  L5  to  middorsal  (SPTSUM). 

-  Supine:  1)  Straight  leg  raising  (SLRSUM).  2)  Passive  rotations  of  the  hip  joint  in  90  degree  flexion 
(HIPSUM).  3)  Passive  extension  of  the  knee  joint  and  dorsiflexion  of  the  ankle. 

-  lying  down  (sideways):  Test  of  passive  flexion,  extension  and  dorsal  gliding  between  the  luibar 
vertebrae  (LLM3M0V) . 

-  Standing;  Measuring  maximal  isometric  strength  (Newton)  in  flexion  (FI£X)  and  extension  (EXT)  of  the 

trunk  with  a  strain  gauge  dynamometer  (6). 

On  several  occasions  the  conscript  was  asked:  "Does  this  hurt?"  If  the  anawer  was  "yes"  it  was 
considered  as  "pain",  which  obviously  includes  even  very  slight  pain.  In  this  report  the  taste  have  been 
treated  both  separately  (e.g.  coin  test  L4-L5,  L2-L3,  TH12-Ll+above  Thl2)  and  oenbined  (e.g.  coin  test: 
L5+L4+L3+L2+Ll+Thl2+above  Thl2  -  COIMSUM) .  A  number  of  SUM-variables  have  been  created  where  0  means  no 
remark  and  1  means  one  or  several  remarks.  The  PT's  examination  was  repeated  twice;  at  the  beginning  and 
at  the  end  of  the  military  service.  The  same  PT  did  all  the  examinations,  and  every  examination  was 
completely  independent  from  tlie  cithers.  From  the  routine  medical  examination  at  enlistment  we  also 
collected  the  figures  for  height,  weight,  maximal  physical  work  capacity  (UMAX),  (8),  and  the  doctor's 
evaluation  of  the  beck  (BACKEVAL)  and  the  legs  (1EX3EVAL).  We  have  as  well  the  results  of  intelligence 


tests  (IQ)  and  the  psychologist ' s  suitability  test  far  military  service  (PSYdflEST) .  Military  assistants 
handled  the  strength  tests  after  being  instructed  of  the  procedure,  lhe  FT  had  no  knowledge  of  the 
results  of  the  routine  examination.  Until  the  final  examination  no  information  was  given  to  the 
conscripts  concerning  training  or  special  bade  treatment.  However,  we  could  not  forbid  a  change  of 
training  habits  or  treatment  dene  on  their  own  or  on  the  doctor's  initiative.  In  addition  to  the  repeated 
inquiries  to  the  conscripts,  we  also  sent  inquiries  to  their  officers  in  oexmand  (QESUM),  asking  their 
opinions  on  the  enlisted  mens'  performances  with  regard  to  back  function.  Seme  of  these  answers  had  to  be 
ocnpleted  from  the  doctor's  reports.  The  conscripts  were  also  asked  to  assess  the  strain  of  their 
military  service  and  how  strainful  it  had  been  as  ccnpared  to  their  normal  occupation.  The  military  tasks 
are  all  pre-set  according  to  the  demands  on  strength  and  different  health  variables.  The  demands  are 
graded  on  a  scale  fran  3  to  8,  where  8  represents  the  greatest  demand.  Corresponding  nunbers  are  used 
during  the  routine  medical  examination,  where  8  and  9  means  perfectly  fit.  The  conscript  might  be  placed 
in  a  duty  with  lower,  but  not  with  hicpier  demand  than  his  grade.  For  every  enlisted  man  in  the  study  we 
have  therefore  been  able  to  consider  both  the  duty,  its  minimal  demands,  and  the  enlisted  mens'  medical 
diagnoses,  according  to  the  coding  system.  This  grading  obviously  is  a  rather  rough  one.  Different  tasks 
with  the  same  minimal  demand  can  differ  very  nuch. 

A  previous  report  on  the  first  part  of  the  study,  has  bear  published  (4). 

Statistical  methods 

Contir.-;\  >cy  coefficient,  c,  has  been  used  as  a  measure  of  the  strength  of  correlation.  (Neither  the 
usual  correlation  coefficient,  r,  or  Spearman's  rank  correlation  can  be  used  if  one  of  the  variables  is 
expressed  in  a  nominal  scale,  for  exanple  back  trouble:  Yes,  no;  or  mobility:  normal,  increased, 
decreased).  Like  the  usual  correlation  coefficients  the  value  of  c  is  zero  when  there  is  no  correlation . 
But  c  never  readies  the  value  1.0  even  if  the  correlation  is  perfect. The  upper  limit  for  c  depends  on  the 
number  of  categories  for  the  studied  variables.  For  2x2  and  3x3  tables  the  upper  limit  value  is  0.707  and 
0.816. 


Chi* test  has  been  used  to  judge  if  the  correlations  are  statistically  significant  or  not.  The  level 
of  significance  is  shown  as  p  (probability),  i.e.  the  probability  for  a  random  sanple  to  show  at  least 
the  observed  value,  even  if  there  is  no  correlation.  It  might  be  pointed  out  that  a  correlation  may  well 
be  statistically  significant  without  being  of  any  practical  use  for  selection  or  prediction. 

Analysis  of  the  drop-outs 

The  drop-outs  are  analyzed  as  follows  (Table  I):  The  120+70  of  the  999  who  were  exenpted  from  military 
service  already  at  enlisting  or  between  enlisting  and  drafting  jure  according  to  the  aimB  of  the  study  no 
real  dropouts.  The  72  who  have  not  yet  been  drafted  are  to  be  considered  as  drop-outs  only  if  they 
ocnuience  their  military  service.  Far  some  of  the  45+25  who  did  not  aaqplete  their  basic  training  and  from 
sane  of  the  19  in  training,  ans  'ers  to  the  inquiries  have  been  given  by  their  officers  in  ccnnond  and/or 
the  enlisted  men  themselves.  Considered  as  real  dropouts  are  the  144  enlisted  men  who  did  not  attend  the 
final  examination.  Also  there  are  46  questionnaires  not  answered  that  were  expected  from  the  officers. 

In  addition  there  are  partial  drop-outs  due  to  some  unanswered  questions. 

Key-variables 

No  individual  statement  fran  either  a  conscript  or  his  officer  in  command  is  indisputably  the  best 
key  in  judging  hew  he  has  met  the  demands  of  military  duty  concerning  bade  function.  We  have  therefore 
made  up  a  set  of  so  called  key-variables. 

A.  Answers  by  the  conscripts. 

Tables  IX  -  IV. 

The  question  whether  they  had  experienced  any  BT  is  apparently  too  unspecific  to  be  useful.  The  68% 
who  had  some  BT  includes  everything  from  slight  pain  once  or  twice  to  severe  pain  several  times  or 
constantly.  The  question  about  'sick  leave  because  of  BT'  differentiates  better,  but  'sick-listing' 
includes  everything  from  merely  not  having  to  carry  heavy  objects  to  being  absent.  Due  to  all  these 
factors  the  answer  to  the  question  'The  effect  of  BT  on  everyday  life  during  basic  training?'  seems  the 
most  adequate  key. 

B.  Answers  fran  the  officers. 

The  answers  to  the  question  of  how  the  officers  considered  the  conscript  to  have  performed  his  duty 
regarding  BT  was  aontoined  with  the  anmwers  regarding  transfer  to  a  less  strainful  position.  (Table  V) . 

In  Table  V  20  conscripts  could  be  added  to  the  other  671.  These  men  had  their  duties  changed  for  other 
reasons  than  BT  and  consequently  it  is  uncertain  how  they  would  have  been  able  to  perform  their  original 
duty  regarding  beck  function.  The  oenbined  figures  under  'Total'  have  been  used  as  the  officers' 
evaluation  (0E8UM). 

The  answers  to  the  different  key  questions  are  of  course  correlated  (p<0.001)  but  the  agreement  is 
not  cxxiplete.  (Table  VI). 

Three  groups  were  created  from  Table  VII: 

1.  Agreement  between  the  conscript  and  his  officer  that  the  duty  was  performed  without  BT. 

2.  Other  -  either  not  agreement  or  agreement  that  there  had  been  acme,  but  not  serious  BT. 

3.  Agreement  that  there  had  been  considerable  BT. 

(Table  VIII). 

RESULTS 


for  frequencies  of  pain,  absence  and  effect  of  everyday  life  at  discharge,  see  Tables  IX,  X  and  XI. 


22-3 


The  correlation  between  seme  results  from  the  examination  at  enlistment  (anamnesis,  physical 
examination  and  ordinary  routine  examination)  and  the  three  main  key  variables  are  shown  in  Table  XXI.  In 
the  following  only  the  key  variable  called  KEYSUM  is  oenmented  14x71.  Even  if  the  correlations  cure 
statistically  significant  they  are  very  weak.  The  highest  predictive  value,  39%  (Table  XIII),  was 
obtained  for  the  question  how  nuch  ET  effected  everyday  life  before  enlistment.  The  second  highest 
predictive  value,  25%,  was  obtained  through  tlie  question  about  absence  from  school  or  work  due  to  BT.  The 
answer  to  the  question  in  which  position  the  BT  was  worst  differentiates  somewhat  as  those  who  had 
checked  off  several  positions  (PAINPQS)  had  more  trouble  during  the  military  service,  predictive  value 
20%.  From  the  physical  examination  only  the  pain  tests  (springing  test,  coin  test  and  test  of  cervical 
spine)  correlated  significantly  with  the  outcome  (Table  XII).  However,  the  predictive  values  for  these 
variables  were  less  than  20%  (Table  XIII).  The  highest  predictive  value,  35%,  from  the  routine 
examination,  was  obtained  for  low  bade  function  (doctor's  evaluation,  graded  3-5).  For  all  other  data 
from  the  routine  examination  at  enlistment  the  predictive  values  were  less  than  20%.  Both  being  tall  or 
short  had  some  predictive  value,  16  and  17%  respectively  as  ccxipared  to  10%  for  the  intermediate  group. 
Heavy  weight  and  high  weight  quotient  (WEIGHTQ,  actual  weight/weight  predicted  from  height )  both  had 
lower  predictive  value  than  normal  or  low  weight.  The  psychological  tests  had  low  predictive  value  for 
BT.  smoking  more  than  20  cigarettes  a  day  (SMOKES)  showed  seme  predictive  value,  23%.  Neither  maximal 
isometric  strength  of  handgrip  or  flexion/  extension  of  the  trunk,  nor  the  strength  demands  of  the 
military  duty  (MUSCDEM)  had  significant  predictive  value.  A  possible  explanation  for  the  weak  correlation 
between  sick-history,  back  status  at  enlistment  and  BT  during  military  service  could  be  that  the 
conscripts  had  been  exposed  to  very  varied  duties.  However,  neither  did  the  demands  of  the  duty 
concerning  back  function  or  nuscle  strength  (Table  XIV),  nor  did  work  capacity  correlate  with  the  key 
variables  (Table  XII). 

The  conscripts '  own  opinions  of  how  heavy  the  military  service  had  been,  either  absolute  (OCCUP  3) 
(sedentary,  light,  medium  heavy,  heavy),  or  relative  to  their  civilian  occupation  (REL-IDAD)  (easier, 
similar,  heavier)  correlated  significantly  with  the  key  variables  (Table  XIV). 

For  this  reason  the  correlations  have  also  been  calculated  only  for  those  who  considered  their  duty 
medium  heavy  or  heavy.  In  this  subgroup,  however,  the  correlations  between  data  from  the  enlistment  and 
the  key  variables  were  as  a  rule  weaker  than  in  the  total  material.  The  co-variation  between  the 
different  statements  concerning  the  demands  of  the  duty  and  the  stress  this  induces  is  shown  in  Table  XV. 
Here  is  also  shewn  the  strong  correlation  between  the  estimated  demands  of  the  duty  and  the  conscripts' 
own  opinions.  The  estimated  demands  (BACKDEM,  LBGDEM,  MUSCLEDEM,  W0RKDEM)  have  a  strong  interoorrelation. 
An  attenpt  to  combine  the  different  variables  with  discriminant  analysis  for  higher  prediction  did  not 
give  a  better  result.  The  number  of  correctly  classified  subjects  was  only  slightly  hic^ier  with  several 
variables  in  oonparison  to  using  only  the  best  predictor.  Furthermore  the  result  turned  out  to  be 
contradictory  because  certain  predictors  could  separate  the  extremes  from  the  middle  group  but  could  not 
discriminate  between  the  two  extreme  groeps. 

DISCUSSION  -  GENERAL  COMMENTS 

The  aim  of  this  study  was  to  evaluate  the  possibilities  to  predict  the  occurence  of  BT  during 
military  service  starting  from  anaimesis  and  physical  examination  at  enlistment  and  also  how  much  the 
risk  of  getting  BT  depends  an  the  physical  demands  on  the  conscript.  A  problem  is  that  the  opinion 
differs  between  the  conscripts  and  the  officers  concerning  which  of  the  men  got  considerable  BT  during 
military  service.  We  therefore  chose  to  work  with  both  statements.  We  made  a  combination  of  the  opinions 
of  both  the  conscripts  and  the  officers  and  got  a  group  of  69  conscripts  there  considerable  BT  was  noted. 
The  fac  that  we  do  not  have  a  definite  key  is  of  course  a  weakness  that  diminishes  the  correlation 
between  data  from  enlistment  with  the  key.  Another  difficulty  is  the  fact  that  the  conscripts  have  had 
quite  different  work  loads,  which  we  took  into  consideration  by  using  the  graded  demands  of  the  different 
positions.  Hcwever,  it  is  not  possible  to  eliminate  the  effect  of  the  differences.  The  physical  and 
social  environment  during  the  military  service  also  has  been  very  varying.  The  time  period  from 
enlistment  to  drafting  varies  from  less  than  one  to  more  than  three  years.  Because  of  the  doctor's 
judgement  several  conscripts  have  been  assigned  to  duties  with  low  demands  for  back  function  and  - 
strength,  or  even  been  exempted  frem  duty.  This  routine  procedure  consequently,  at  least  partly, 
invalidates  the  predictability  of  BT  in  this  study.  Taking  this  into  consideration  it  is  not  surprising 
to  find  difficulties  in  identifying  those  who  will  experience  BT  without  wrongly  classifying  those  who 
might  have  been  able  to  fulfil  their  military  duty.  The  key  variables  including  the  answers  from  the 
conscripts  at  discharge  show  that  as  a  rule  the  same  persons  who  experience  ET  at  enlistment  will  also  do 
so  when  discharged.  The  effect  of  ET  on  every  day  life  was  indicated  the  same  at  discharge  as  vhen 
enlisting.  Several  (170)  indicated  sane  BT  at  enlistment  but  not  at  discharge.  Seventy-one  who 
experienced  BT  at  enlistment  stated  an  increase  of  the  BT  at  discharge.  Of  the  31  persons  in  the  control 
group  with  no  BT  at  enlistment,  11  had  ET  during  the  military  service.  Being  absent  from  duty  or  part  of 
it,  correlates  to  being  absent  before  enlistment.  However,  absence  does  not  correlate  to  the  pain  tests 
at  enlistment.  This  could  imply  that  being  absent  is  part  of  an  acquired  behaviour.  The  military  service 
being  assessed  as  heavier  them  the  civilian  occupation  correlates  to  all  the  key-variables.  The  majority 
(402)  had  sedentary  or  light  work  before  enlistment.  The  military  duty  might  of  course  also  be 
experienced  as  heavier  if  the  individual  has  pain. 

DISCUSSION 

There  are  few  prognostic  studies  in  these  age  groups.  The  only  one  that  could  stand  oonparison  is 
Darre  et  al  (3).  They  have  done  a  study  on  Danish  conscripts  with  an  additional  examination  of  the  back 
and  with  an  extensive  inquiry.  As  key  anoeers  they  used  the  decisions  made  by  the  board  01  examiners  to 
transfer  conscripts  to  less  strainful  positions.  The  examination  and  inquiry  at  enlistment  was  not 
repeated  during  the  training.  Predictability  of  causing  conscripts  to  drop  out  due  to  BT  was  low  and 
exceeded  20%  only  for  constant  pain,  considerably  increased  distance  from  fingertips  to  the  floor,  and 
change  of  work  or  decreased  sports  activities  due  to  BT.  Darre  et  al  also  concluded  that  the  difficulties 
in  predictability  partly  were  due  to  the  fact  that  the  conscripts  earlier  had  not  been  exposed  to  heavy 
work.  Nondgren  et  al  (6)  found  in  a  study  of  men  during  a  compulsory  military  refresher  course 
correlation  between  anamnesis,  physical  examination  of  the  back  and  the  outcome  of  the  activities  during 
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military  service  which  oould  be  used  for  prediction  in  practical  routines.  However,  in  this  age  group 
(mean  age  37  years),  BfT  was  more  pronounced. 

Biering-sarensen  (1)  found  low  endurance  and  increased  mobility  (modified  Schobers  test)  to  be 
predictive  far  first-time-iST  (low-back-trouble)  during  the  follow-up  year.  But  if  a  consequent  guess  is 
made  that  the  person  will  not  experience  firsttime-LST  (without  taking  notice  of  Schobers  test  and 
endurance)  the  result  is  more  often  oorrect  than  tften  using  discriminant  analysis.  This  is  explained  by 
the  fact  that  the  first-time-LBrr-group  is  ccnparatively  small.  This  is  in  accordance  with  the  present 
study  where  the  discriminant  analysis  did  not  increase  the  predictive  values  for  outoane  of  basic 
training. 


Karvcnen  at  al  (5)  examined  183  conscripts  at  enlistment.  They  reported  9%  as  being  on  the  sick-list 
due  to  BT  prior  to  military  service  and  9%  as  having  BT  limiting  their  function,  these  figures  correspond 
to  those  of  cur  study.  They  found  several  statistically  significant  correlations  between  special 
examination  and  inquiry  about  BT  at  enlistment  and  BT  during  the  military  service.  However,  they  do  not 
shew  how  strong  (or  weak)  the  correlations  are.  They  do  not  show  any  results  to  justify  their  conclusion: 
"Standardized  history  forms  and  examination  schedules,  with  the  measurement  or  testing  of  muscle 
strength,  ought  to  became  a  part  of  the  physician's  armamentarium,  at  least  in  occupational  and  military 
medicine,  preferably  also  in  the  general  practice." 

awajusiaj 

There  are  several  significant  correlations  between  on  one  hand  inquiry  and  examination  at  enlistment 
and  on  the  other  hand  BT  during  military  service.  It  is,  however,  implausible  that  the  additional 
physical  examination  and  inquiry  used  in  this  study  oould  improve  the  predictability  of  BT  during 
military  service  ocmpared  to  the  rcutine  already  existing.  The  predictive  values  are  not  sufficiently 
hi^i  to  give  individual  prognosis  with  reasonable  accuracy. 
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Table  X. 


Drop-outs  and  missing  questionnaires  from  the  officers  (OS)  and  the 


conscripts 

(CE) 

Time  of  drop-out 

Nuntoer 

Nuntoer  of 

Nuntoer  of 
visaing 

1  “  At  enlistment 

120 

(0E) 

(CE) 

(OE) 

(CE) 

2  =  Between  enlisting  and 

70 

- 

- 

- 

- 

drafting 

3  =  Not  yet  drafted 

72 

- 

- 

- 

- 

4  =  First  two  months  of 

45 

14 

5 

31 

40 

basic  training 

5  =  Later  during  basic 

25 

22 

7 

3 

18 

training 

6  =  In  training 

19 

7 

3 

12 

16 

0  =  Ccnpleted  basic 

648 

648 

608 

0 

40 

training 

Total 

999 

691 

623 

46 

114 

Table  II. 


Have  you  experienced  back  trouble  during  the  last  6  months  of  basic 

training? 


Yes  No  Uncertain  Total 

Nuntoer  427  193  3  S23 

Per  oent  68.5  31.0  0.5  100 


Table  III. 


Have  you  during  the  last  6  months  been  absent  from  duty  or  free 
from  seme  tasks  beaus e  of  back  trouble? 


Table  IV. 


Table  V. 


Absence 

Nuntoer 

Per  cent 

0  days 

445 

7o75~ 

1-13  days 

142 

22.8 

2-4  weeks 

25 

4.0 

>  4  weeks 

14 

2.2 

Totals  ~S53 

§575 

Hew  much  has  the  back  trouble  effected  your  everyday  life  during 
basic  training? 


Nuntoer _  Per  cent 

No  effect  369  5575 

Seme  effect  231  37.1 

Considerable  effect  23  3.7 

Total:  623  ~  ~  100 


Officers  answers  about  the  conscripts'  back  function 


Transferred  due  to 

Not 

Total 

Per  cen 

transferred 

back 

other 

trouble 

reason 

No  back  trouble 

53 

358 

411 

61.3 

Same  back  trouble 

7 

159 

166 

24.7 

Considerable  back  trouble 

51 

1 

42 

94 

14.0 

Total 

51 

61 

555 

671 

1O0 

Per  cent 

7.6 

9.1 

83.3 

100 

Table  VI. 


Correlation  between  different  key  variables 
Contingency  coefficient  »  c 


BT  3 

ABSENT  3 

EFFECT  3 

0E 

BT  3 

0.38 

0.46 

0.34 

ABSENT  3 

0.38 

0.40 

0.45 

EFFECT  3 

0.46 

0.40 

0.43 

0E 

0.34 

0.45 

0.43 
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Table  VII. 

Ccnbinatian  of  the  officers  evaluation  (OESUM)  and  the  conscripts  opinions  of  the 
effect  on  everyday  life  due  to  back  trouble 


EFFECT  3 


Hardly  any  effect 
Sene  effect 
Considerable  effect 


OESUM 

DID  NOT  DID  EOT 


MANAGED  OK 

aim;  manage 

MANAGE 

TOTAL 

276 

73 

14 

363 

90 

82 

54 

226 

4 

4 

15 

23 

Table  VIII. 


Three  groups  based  on  Table  VII 


Table  IX. 


Table  X. 


Table  XI. 


(Amber 

Per  cent 

No  BT  276+73- 

349 

57.1 

Others  14+90+62+4+4- 

194 

31. 0 

Agreement  about  considerable  BT 

69 

11.1 

~5I2 - 

100.0 

BT  3 

EFFECT 

3 

Hardly  any 

Per  cent 

Some 

Per  cent 

Considerable 

Per  cent 

No,  uncertain 

185“ 

5T75 

6 

2e<> 

1 

4.3 

Yes 

180 

48.8 

225 

97.4 

22 

95.7 

Total 

369 

100.0 

231 

100.0 

23 

100.0 

ABSENT  3 

Hardly  any 

Per  cent 

EFFECT 

Sene 

3 

Per  cent 

Considerable 

Per  cent 

No 

317 

SO 

116 

5171 

7 

3573 

1-13  days 

48 

13.0 

85 

36.8 

9 

39.1 

At  least  2  weeks 

4 

1.1 

28 

12.1 

7 

30.4 

Total 

100.6 

331 

100.0 

23 

100.0 

BT  3 

No 

Per  cent 

ABSENT  3 

1-13  days  Per  cent 

At  least  2  w 

Per  cent 

No,  uncertain 

153 

43.7 

3 

2.1 

0 

576 

Yes 

249 

56.3 

139 

97.9 

39 

100.0 

Total 

442 

100.0 

142 

100.0 

39 

100.0 

Table  XII. 

Correlation  between  some  results  from  the  examination  at  enlistment  and  the 
three  main  key  variables  (c  -  contingency  coefficient,  p  *  probability) 

1  refers  to  examination  at  enlistment,  3  refers  to  last 
examination  at  the  end  of  basic  training. 

EFFECT  3  OESUM  KEYSUM 


c 

P< 

c 

P< 

c 

P< 

BT  1 

.13 

.01 

.07 

.20 

.11 

.02 

ABSENT  1 

.20 

.001 

.16. 

.01 

.19 

.01 

QFKCT  1 

.24 

.001 

.20 

.001 

.26 

.001 

CERVSUM  1 

.15 

.001 

.13 

.01 

.15 

.001 

00  INSUM  1 

.10 

.03 

.10 

.03 

.11 

.04 

SISUM  1 

.06 

.29 

.06 

.31 

.08 

.15 

SLHSUM  1 

.03 

.73 

.01 

.96 

.02 

.86 

HIPSUM  1 

.06 

.27 

-.07 

.18 

-.10 

.05 

LUBMOVSUM  1 

.06 

.32 

.06 

.25 

.07 

.20 

SPTPAINSUM  1 

.13 

.01 

.04 

.61 

.10 

.05 

HEIGHT 

.11 

.13 

.13 

.02 

.13 

.03 

WEIGHT 

.08 

.44 

.08 

.34 

.08 

.42 

HANDGRIP 

.07 

.55 

.10 

.14 

.12 

.06 

UMAX 

.15 

.01 

.15 

.01 

.15 

.01 

LEGEVAL 

.06 

.45 

.05 

.77 

.07 

.55 

BACKEVAL 

.20 

.001 

.13 

.02 

.21 

.001 

IQ 

.05 

.78 

.06 

.34 

.07 

.51 

PSKHTEST 

.11 

.13 

.03 

.96 

.10 

.19 

EXT/FLOC 

.09 

.23 

.09 

.26 

.11 

.14 
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Table  XIII. 

Predictive  value  (per  cent  of  thoee  who  at  enlistment  stated  BT  and  did  not  nonage 
the  basic  training  without  BT,  according  to  different  judgements). 

Within  brackets,  per  cent  of  those  who  did  not  state  HT 
at  enlistment  and  yet  had  BT  during  basic  training 


Pcs 

(S) 

EFFECT  3 

OESUM 

KEYSUM 

BT  1 

94 

3.8  (2.7) 

14.4  (  7.1) 

12.6 

(  2.7) 

PAINP06 

28 

5.5  (3.2) 

19.7  (12.5) 

19.8 

(  9.9) 

ABSENT  1  (>2  weeks) 

3 

10.0  (3.4) 

22.7  (13.9) 

25.0 

(11.6) 

EFFECT  1  (considerable) 

5 

9.7  (3.4) 

39.4  (12.3) 

38.7 

(10.2) 

CEKVSUM  1 

55 

3.8  (3.6) 

15.2  (12.6) 

13.2 

(10.5) 

CDIiJSUM  1 

31 

6.2  (2.6) 

11.5  (15.1) 

9.9 

(12.9) 

SISUM  1 

20 

4.8  (3.4) 

17.5  (13.1) 

13.8 

(11.5) 

SLJRSUM  1 

80 

3.4  (4.9) 

14.0  (13.8) 

12.3 

(10.7) 

HIFSIM  1 

82 

3.1  (6.3) 

12.9  (19.1) 

10.5 

(19.1) 

SPTPAINSIW 

54 

4.2  (3.1) 

14.6  (13.3) 

13.1 

(10.6) 

MUSCDEM  >5 

11 

5.7  (3.3) 

19.2  (13.2) 

17.4 

(11.1) 

WGRKEEM  >5 

20 

4.8  (3.2) 

17.8  (12.9) 

14.3 

(11.2) 

SMOKES  >20 

5 

10.0  (3.4) 

17.1  (13.8) 

23.3 

(11.4) 

HEIGHT 

SHORT  (<171  cm) 

9 

1.7 

17.7 

17.2 

AVERAGE  (172-185  cm) 

67 

4.1 

11.1 

9.8 

TALL  (>186-) 

24 

3.3 

19.0 

16.0 

WEIGHT 

LIGHT  (<59  kg) 

10 

3.1 

10.0 

10.9 

AVERA®  (60-84  kg) 

80 

4.0 

15.0 

12.8 

HEAVY  (>85  kg) 

10 

1.6 

10.0 

6.6 

HANDGRIP  WEAK  (<530  N) 

14 

2.3  (3.3) 

10.8  (12.7) 

9.2 

(10.5) 

UMAX  LOW  (<21S  Watt) 

19 

2.5  (3.8) 

20.8  (14.5) 

18.5 

(12.7) 

BflCKEVAL  3-5 

3 

11.8 

33.3 

35.3 

6-7 

22 

5.8 

17.8 

18.0 

8-9 

75 

2.8 

12.0 

9.3 

IQ  -3 

19 

5.0  (3.4) 

18.3  (13.0) 

16.8 

(10.4) 

PSYCHTEST  -3 

17 

2.8  (3.9) 

13.8  (14.0) 

15.4 

(11.2) 

HEIGHTQ  HI®  (>0.306) 

17 

7.5  (2.9) 

16.5  (13.5) 

15.2 

(11-3) 

WEIGHTQ  HI®  (>1.13) 

20 

1.6  (4.2) 

12.9  (14.3) 

7.3 

(13.2) 

BACK  TALL 

17 

7.8  (2.9) 

17.3  (13.3) 

17.6 

(10.9) 

EXT  WEAK  (lower  1/3) 

14 

5.5  (3.4) 

11.5  (14.4) 

12.2 

(12.0) 

FLEX  WEAK  (lower  1/3) 

17 

6.7  (3.1) 

12.7  (14.2) 

11.5 

(12.1) 

Table  XXV. 


Correlation  between  BT  or  backfuncticn  during  basic  training 
and  the  different  demands  during  the  training 


BT 

3 

ABSENT  3 

EFFECT  3 

OESUM 

KEYSUM 

c 

P< 

c 

P< 

c 

P< 

c 

P< 

C 

P< 

OOCUP  3 

.13 

.02 

.25 

.00 

.14 

.06 

.15 

.04 

.17 

.01 

REUOAD 

.21 

.00 

.25 

.00 

.23 

.00 

.23 

.00 

.25 

.00 

MUSCDEM 

.04 

.65 

.15 

.01 

.08 

.43 

.08 

.32 

.10 

.19 

WORKDBM 

.08 

.15 

.17 

.01 

.07 

.46 

.09 

.27 

.08 

.38 

IEGDEM 

.06 

.15 

.10 

.19 

.05 

.80 

.07 

.55 

.08 

.50 

BACKDEM 

.08 

.15 

.10 

.20 

.05 

.80 

.07 

.55 

.08 

.50 

The  outcome  is  best  predicted  by  the  question  of  how  nuch  BT  before 
enlistment  effected  everyday  life. 


Table  XV. 


Correlations  between  estimated  demands  and  the  conscripts  own  judgements 


t 

OOCUP  3 

RELLCAD 

MUSCDEM 

WQRKDEM 

LEGDEM 

BACKDEM 

[ 

C 

P< 

c 

P< 

C 

P< 

C 

P< 

c 

p< 

c  p< 

OOCUP  3 

.40 

.001 

.49 

.001 

.48 

.001 

.46 

.001 

.46  .001 

1  REUjOAD 

.40 

.001 

.16 

.01 

.32 

.001 

.25 

.001 

.25  .001 

!  MUSCDEM 

.49 

.001 

.16 

.01 

.52 

.001 

.55 

.001 

.55  .001 

'  WORKDEM 

.48 

.001 

.32 

.001 

.52 

.001 

.58 

.001 

.58  .001 

|  LBGDEM 

.46 

.001 

.25 

.001 

.55 

.001 

.58 

.001 

.81  .001 

BACKDEM 

.46 

.001 

.25 

.001 

.55 

.001 

.58 

.001 

CO 

.001 

i 


I 
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TROOP,  UK i  In  the  army,  and  certainly  with  reservlats  who  are  coaling  in  for  four  weeks,  or  a  few 
weeks  anyway,  there  may  be  positive  advantages  in  reporting  back  pain.  I'm  concerned  about  the  applic¬ 
ability  of  the  selection  to  what  may  be  useful  as  a  selection  technique  for  other  populations.  Could 
you  tell  us,  first  of  all,  whether  you  have  looked  at  the  prevalence  of  reports  of  back  pain  in  control 
populations  who  have  not  been  put  through  your  tests?  Secondly,  have  you  applied  your  tests  to  study 
the  predictability  of  back  pain  in  industry? 

NORDGREN,  SWEDEN!  The  frequency  of  back  pain  has  been  stated  in  many  studies,  as  you  know  —  up 
to  80*  in  some  studies.  So  that  differs  very  much;  but  it  differs,  I  would  say,  in  how  the  question¬ 
naire  is  made  —  if  it  is  an  interview  or  a  question.  So  yours  is  a  difficult  question  to  answer.  We 
sent  out  questionnaires,  and  then  we  took  a  sub-sample  and  gave  300  persons  the  same  questionnaire. 
When  they  turned  up  for  the  physical  examinations,  they  had  to  answer  the  same  questions  again.  If 
there  was  just  one  statement,  then  there  was  a  reproducibility  of  around  85  to  90»;  but  if  there  were  2 
or  3  statements  involved  in  the  question,  then  there  were  lower  reproducibilities.  So,  certainly,  its 
a  very  important  point.  Was  there  also  another  question? 

TROUP,  UK;  I  think  you  covered  my  other  question.  It  really  concerned  the  epidemiological  ef¬ 
fects  of  the  methods  of  examination  themselves.  In  other  words,  did  the  method  of  testing  the  reser¬ 
vists  predispose  them  to  report  back  pain?  When  one  does  studies  like  this,  in  any  occupation,  there 
tends  to  be  a  Hawthorne  effect;  i.e.,  the  people  that  you  are  studying  tend  to  comply  with  what  you  are 
interested  in.  The  question  is  whether  the  actual  exposure  to  your  testing  encouraged  the  reporting  of 
subsequent  back  pain.  That  is  why  I  asked  whether  you  knew  the  incidence  of  reports  of  back  pain  in 
control  populations  not  so  tested. 

NORDGREN,  SWEDEN:  I  see  your  point.  You  are  asking  if  there  is  a  perceived  advantage  to  an¬ 
swering  in  a  certain  way.  The  study  with  the  personnel  in  the  refresher  courses  was  made  voluntarily. 
They  could  go  through  the  tests  or  they  could  refuse  to  do  them.  In  the  other  test,  the  one  involving 
the  20-year-olds,  they  had  to  answer  the  questions;  and,  of  course,  we  cannot  exclude  the  fact  that 
they  might  have  thought  that  something  might  happen.  However,  we  were  very  careful  not  to  interfere 
with  the  routine  examination  during  the  day  they  were  there  for  testing.  They  were  tested  not  only  for 
the  back,  but  also  for  the  circulatory  and  other  systems. 

HELLSING,  SWEDEN:  I  can  add  further  to  the  answer  from  Dr.  Nordgren.  The  younger  ones  answered 
their  first  questionnaire  together  with  the  psychological  tests  when  they  started  their  first  day  of 
enlistment  examinations.  So  they  didn't  know  what  would  come  out  of  it.  They  had  similar  questions  in 
the  routine  questionnaires  sent  in  advance.  What  happened  was  that,  after  this,  of  951  who  stated  some 
pain  initially,  when  they  wee  taken  in  for  examination  of  back  pain,  only  one  said:  "No,  I  just  wrote 
it  because  maybe  I  could  be  exempted".  But  that  was  the  only  one,  compared  to  5  of  the  *5  who  stated 
that  they  had  no  pain.  I  didn't  know  in  advance  what  they  had  answered;  but  afterwards,  my  assistant 
told  me  that  this  person  was  from  the  no-pain  group.  So  I  asked:  "Are  you  certain  that  you  have  no 
back  pain?",  and  5  of  those  45  said:  "Oh  yes,  some;  of  course,  everyone  has  some  back  pain*.  It's  not 
valid  in  the  statistical  sense,  but  it  does  give  some  hint  as  to  what  happened. 
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SUMMARY  The  back  Care  Education  Programme  (BCEP)  at  the  NDMC,  directed 
to  the  prevention  ot  recurrent  Low  Back  Pain  (LBP)  is  described  from  its 
development  in  197B  to  the  present.  The  course  content  is  also 
described,  and  the  vicissitudes  governing  the  transformation  ot  the  BCEP 
from  a  10-hour  five  day  course  conducted  twice  a  month,  to  the  8.5-hour 
two  day  course,  to  the  present  7-hour  one  day  course.  Patients  were 
surveyed  through  initial  questionnaires  and  review  questionnaires  sent 
to  them  6  months  after  education.  Results  show  that  little  demonstrable 
difference  was  found  between  the  5-day,  2-day  and  one-day  courses.  The 
bCEP  has  proven  very  effective  in  preventing  the  LBP  condition  from 
worsening;  less  effective  in  reducing  continuous  pain;  very  effective  in 
controlling  further  attacks  of  LBP.  The  BCEP  also  resulted  in  71.5% 
patients  requiring  no  further  treatment  and  in  reducing  activity 
limitation.  The  bCEP  has  enabled  its  clientele  to  be  more  responsible 
for  continuing  care  of  their  backs  by  persuing  a  regime  of  regular 
exercise,  activity  and  behaviour  modification  and  postural  control.  The 
BCEP  has  also  proved  cost  effective  in  increasing  the  overall 
effectiveness  of  DND  personnel  in  reducing  the  number  of  days  lost  due 
to  back  injury.  (Key  Words:  Back  Care  Education;  Military 
Trade-related  injury;  DND  Incidence  of  LBP;  Value  of  Back  Care 
Education)  . 


Introduction 


The  subject  of  Low  Back  Pain  has  received  an  enormous  amount  of  attention  in 
the  last  fifteen  years,  particularly  in  the  fields  of  biomechanical  and  clinical 
research.  The  resultant  greater  understanding  of  this  complex  condition  has  lea  to 
improved  diagnostic  skills  and  advances  in  treatment  and  management.  Although  at 
least  70%  of  the  Canadian  population  may  expect  to  be  afflicted  with  Low  Back  Pain  at 
some  time  in  their  lives**,  the  problem  is  self -limiting  in  its  course.  Statistics 
have  demonstrated  that  44%  of  patients  with  a  first-time  incidence  of  low  back  pain 
were  better  within  one  week,  86%  were  better  within  one  month,  ana  92%  within  two 
months.  Only  8%  had  persistent  pain  beyond  two  months2(b). 

The  NDMC  surveys,  however,  are  not  in  accordance  with  these  previous  findings. 
The  NDMC  patient  surveys  show  that  since  the  first-time  incidence  ot  low  back  pain, 
low  grade  ache  or  pain  continues  to  exist,  and  out  of  271  males  surveyed  in  1984, 

38.4%  had  pain  for  up  to  6  months'  duration; 

11.4%  had  pain  for  up  to  12  months'  duration; 

11.4%  had  pain  for  up  to  3  years'  duration; 

8.2%  had  pain  for  up  to  5  years'  duration;  ana 

30.6%  had  pain  for  more  than  5  years. 

It  is  noted  that  the  majority  of  BCEP  participants  are  suffering  from  recurrent 
back  pain,  therefore  the  statistics  can  be  anticipated  to  be  different  from  the 
general  statistics  quoted  earlier.  The  problem  lies  in  the  tendency  of  low  back  pain 
to  recur,  with  each  successive  recurrence  becoming  progressively  more  severe  and 
incapacitating.  Approximately  60%  of  those  with  flrst-timo  episodes  of  low  back  pain 
suffer  recurrence Successful  management  of  low  back  pain  over  the  long-term  must 
therefore  include  patient  education  and  the  teaching  of  prophylaxis. 1> 3, 5, 6 ,7 ,9 
Educational  programmes  have  been  reported  to  not  only  reduce  the  frequency  of 
absenteeism  from  the  work  place,  but  have  enabled  those  with  chronic,  longstanding 
back  pain  to  retrieve  a  quality  of  life  previously  not  thought  possible.^ 

Cost  to  the  Economy 

The  cost  of  Low  Back  Pain  to  the  economy  can  be  measured  financially  only  in 
terms  of  compensation  for  work-related  injuries.  The  Workers'  Compensation  Board  ot 
Ontario,  for  instance,  remunerated  injured  workers  a  total  of  $399.3  M  in  1984 
excluding  the  cost  of  lost  productivity  for  back  Injuries  sustained  on  the  job.  These 
back  injuries  constituted  27%  of  all  reported  work-related  injuries,  and  ot  the  entire 
number  of  claims  submitted  for  back  injury,  49.4%  were  re-opened  claims^,  the  term 
”te-opened"  meaning  a  first-time  injury  sustained  at  work  again  by  the  same  claimant. 
The  term  "recurrent"  is  invalid  for  compensatory  purposes.  In  comparison,  with  a  much 
smaller  population  of  approximately  83,000  in  strength,  the  Canadian  Armed  Forces' 
(CAF)  disabling  back  injuries  sustained  at  work  constitute  20%  ot  all  reported 
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work-related  injuries. 15  The  term  "disabling"  is  defined  by  the  birectorate  oi 
General  Safety  as  having  cost  involved  for  absence  from  work  for  recovery,  and  not 
disablement  in  the  medical  sense.  Ihis  cost  includes  Direct  costs,  i.e.  salaries,  ano 
Indirect  costs,  i.e.  medical,  administrative  and  replacement  personnel  expenses,  ano 
is  estimated  to  be  approximately  $600.00  for  one  member's  absence  from  work  per  aay. 
lhe  number  of  work-related  back  injuries  in  the  CAF  may  seem  to  be  a  little  lower  than 
the  provincial  average,  however,  it  is  suspected  that  not  all  of  these  injuries  are 
reported  to  the  Directorate  of  General  Safety. 

Cost  to  PhD  tor  CAF  ano  Civilian  Work-Relateo  back  Injuries 

Of  the  Low  Back  Fain  population,  determined  so  far,  only  the  back  injuries 
sustained  at  work  are  reported  to  the  Directorate  of  General  Safety.  Ihese  data  are 
at  best  only  an  approximation  owing  to  an  as  yet  imperfect  and  non-compulsory 
reporting  system. 19  In  determining  the  cost  in  non-productivity  to  the  Department 
of  National  Defence's  (DND)  economy  due  to  back  injuries  on  the  job,  the  Directorate 
of  General  Safety  concluded  that  approximately  SCO  back  Injuries  in  the  CAF  were 
reported  for  Fiscal  Year  1984-85.  Twenty  percent  of  these  (i.e.  100)  were  classified 
as  Disabling,  each  requiring  5.13  days'  absence  from  work  for  recovery.  The  total 
cost  in  lost  productivity  for  the  Department  at  $600  per  day  was  therefore  $307,800. 
The  cost  associated  with  the  other  400  non-disabled  members,  based  on  an  estimate  of 
$200  each  for  medical  and  administrative  costs  by  Treasury  Board,  was  $80,000.  The 
total  expenditure  for  CAF  work  related  back  injuries  for  FY  1984-85  was  therefore 
approximately  $387,800.  In  contrast  with  the  CAF  component  of  the  DND,  500  Disabling 
back  injuries  at  work  were  reported  by  the  DND  Civilians,  who  number  37,500  in 
strength  and  constitute  30%  of  the  Departmental  strength.  The  DND  Civilian  with  a 
work-relatea  back  injury  is  awarded  an  average  of  21  days'  injury -on-outy  leave  outing 
which  time  he  continues  to  receive  100%  of  his  salary,  the  Worker's  Compensatory 
portion  of  which  is  tax-oeauctible  for  the  time  he  is  incapacitated.  Direct  and 
indirect  costs  in  non-productivity  for  the  civilians  amounted  to  $6,500,000  for  FY 
1984-85.  lhe  BCEF  is  not  yet  made  available  to  the  DND  Civilian  Members.  The  total 
costs  of  the  DND  budget  for  work-related  back  injuries  to  the  civilian  and  military 
personnel  approximated  almost  $7h  in  Fiscal  Year  1984-85.  lhe  annual  expenditure  in 
the  DND  budget  for  Low  Back  Fain  in  the  military  and  civilian  personnel,  tor  both 
work-related  and  non  work-relatea  causes  approximates  $23,600,000  per  year,  or  almost 
0.27%  of  the  current  total  DND  Budget. 

Cost  to  DND  tor  CAF  Work  -  ana  Non-Work  -  Related  Lhp 


Owing  to  a  manual  data  entry  system  at  the  Base  level,  and  to  the  unreliability 
of  timely  submission  of  the  registers  of  data  on  an  annual  basis,  attempting  to 
determine  the  exact  extent  of  Low  Back  Pain  in  the  CAF  through  the  manual  retrieval  of 
information  proved  a  laborious  task.  To  obtain  an  estimate  ot  the  Low  Back  Pain  cases 
seen  on  an  Outpatient  basis  a  search  through  the  data  representative  of  50%  of  the 
bases.  Stations  ana  Ships  for  the  year  1983-84  revealed  that  23.22%  of  the  CAF 
population  had  reported  Low  Back  Pain  from  work  and  non-work  related  injuries.  This 
estimate  roughly  corresponds  to  the  27%  of  back  disorders  treated  in  the  CAF  Physical 
Therapy  Departments .  20,  The  cost  to  the  Department  in  CAF  time  lost  from  duty, 
medical,  and  administrative  expenses  approximated  $16,735,600  for  this  period.  Cf  the 
population  with  Low  Back  Fain,  based  on  a  five-year  survey22,  an  average  of  0.42% 
received  hospital  care  of  approximately  8.75  days  each,  costing  the  Department 
$1,830,150  per  year.  The  BCLF  is  at  present  available  only  to  military  personnel  on  a 
few  Bases  where  Physical  lherapy  Services  exist,  and  at  the  NDMC. 

Incidence  of  back  Imurv  Related  to  Trade 

While  the  Directorate  of  General  Safety  directs  its  energies  to  the  prevention 
of  first-time  back  injury,  the  BCEP  is  responsible  for  the  prevention  of  recurrent 
back  pain  in  an  already  afflicted  population,  and  therefore  remains  essentially  in  the 
medical  domain.  As  military  medicine  is  both  Occupational  and  Preventive,  liaison 
with  the  Directorate  of  General  Safety  in  the  identification  of  military  trades 
reported  to  be  more  conducive  to  the  generation  of  back  problems  has  permitted  more 
specificity  in  the  educational  content  of  the  BCEP  for  military  personnel,  and  has 
enabled  lecturing  staff,  primarily  the  Physical  and  Occupational  Therapists  to  be  more 
aware  of  potential  occupational  hazards  in  target  groups. 

A  breakdown  of  the  most  vulnerable  Trades  for  Trade-related  injuries  in  the  CAF 
is  tabled  below.  The  vulnerability  of  trades  to  back  injuries  is  ranked  according  to 
the  relationship  between  back  injuries  and  all  reported  Injuries,  not  according  to 
frequency  or  severity.  It  will  be  noted  from  a  comparison  of  tables  1  and  2  that 
vulnerability  and  severity  bear  little  relationship  to  each  other,  but  can  be  used  to 
establish  the  ranking  of  trades  as  target  areas  of  concern  and  preventative  education. 
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Table  1 


Trades  Most  Vulnerable  to  Back  Injury 
by  Military  Occupational  Category  (MOC) 

CAF  Average  of  Disabling  Back  Problems 
=  19.8%  of  all  Reported  Injuries  (1980-1985) 


Rank 

MOC 

Population 

Back  Disabling  Injuries 
Total  Disabling  Injuries 

Back  Injury  * 
Frequency  Rate 
(Rank) 

1 

Traffic  Techs  (Air) 

824 

37.8% 

0.34(1) 

2 

Weapons  Techs  (Air) 

949 

35.2% 

0.15(7) 

3 

Supply  Techs 

3958 

34.1% 

0.14(9) 

4 

Motorized  Support 
Equipment  Operators 

3076 

27.6% 

0.19(5) 

5 

Air  Frame  Techs 

2022 

25.9% 

0.22(4) 

6 

Vehicle  Techs 

2791 

25.2% 

0.222(3) 

7 

Metal  Techs 

477 

21.9% 

0.29(2) 

8 

Crewmen  (Tanks) 

1749 

19.0% 

0.09(11) 

9 

Aero  Engine  Techs 

1723 

17.1% 

0.08(12) 

10 

Cooks 

1708 

15.1% 

0.16(6) 

11 

Bosuns 

682 

13.8% 

0.12(10) 

12 

Field  Engineers 

1092 

12.5% 

0.146(8) 

13 

Infantrymen 

6183 

11.7% 

0.07 

♦Injury  Frequency  Rate  =  #  disabling  back  injuries/100  person-years. 
Table  2 


Severity  of  Trade-Related  Back  Injuries 
by  Military  Occupational  Category  (MOC) 

CAF  Average  Number  of  Days  Lost  per  Year  for 
Back  Injures  -  18.8%  of  Total  Days  Lost 
for  all  reported  Injuries  (1982-85) 


Rank 

MOC 

%  Days  Lost  per 

Year  Within  Trade 
for  Back  Injuries 

Average  Back 
Injury  Severity 
Rate  (Rank)  * 

1 

Cooks 

55.6% 

3.80(1) 

2 

Air  Frame  Techs 

46.3% 

1.12(5) 

3 

Vehicle  Techs 

41.7% 

1.53(2) 

4 

Supply  Techs 

Field  Engineers 

30.9% 

0.69(9) 

5 

27.4% 

1.49(3) 

6 

Metal  Techs 

22.9% 

1.33(4) 

7 

Weapons  Tech  (Air) 

19.4% 

0.63(10) 

8 

Motorized  Support 
Equipment  Operators 

17.9% 

0.87(8) 

9 

Traffic  Tech 

16.7% 

0.32(12) 

10 

Aero  Engine  Techs 

12.6% 

0.33(11) 

11 

Infantrymen 

12.2% 

0.95(7) 

12 

Bosuns 

9.5% 

0.98(6) 

13 

Crewmen  (Tanks) 

7.0% 

0.27(13) 

*  Injury  Severity  Rate  -  #  Days  Lost/100  Person-Years. 


The  hypothesis  inferred  from  these  tables  indicates  that  certain  trades  need  an 
educational  programme  tailored  to  their  specific  needs,  including  methods  of  dealing 
with  particular,  frequent,  or  repetitive  occupational  activity,  positions  or  postures. 

History  of  the  NDMC  Back  Care  Education  Programme 

Practically  all  treatment  for  Low  Back  Pain  conducted  in  the  Physical  Therapy 
Department  at  the  National  Defence  Medical  Centre  (NDMC)  is  directed  to  the 
occupational  return  of  the  patient,  and  to  the  prevention  of  recurrent  back  injury. 
Treatment  methods  are  based  ”0  the  diagnosis  of  the  referring  physician  or  consultant, 
and  on  the  assessment  of  the  Physical  Therapist.  The  following  affective  components 
are  dealt  with  separately: 

1.  The  mechanical  condition  itself. 

2.  the  pain. 

3.  the  limitations  facing  the  patient,  some  of  which  may  be  self-imposed. 
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The  third  component  is  considered  to  be  largely  responsible  for  vulnerability  to 
recurrent  episodes  of  incapacitation,  and,  following  appropriate  treatment  education 
is  most  important  in  its  prevention.  Educational  aspects  used  to  be  conducted  by  the 
Orthopaedic  surgeon  and  the  Physical  Therapist  during  consultation,  on  a  one-to-one 
basis,  an  enormously  time-consuming  task  particularly  as  much  of  the  same  information 
had  to  be  repeated  countless  times  each  week.  Although  education  on  an  individual 
concept  has  obvious  merit,  it  is  a  more  expensive  endeavour  as  patients  require  a 
total  of  3-6  hours'  instruction  each?.  At  the  hDMC,  group  education  has  been  found 
to  provide  the  patient  with  a  better  comprehension  of  spinal  function,  less  taking  of 
the  part  for  granted,  and  has  imparted  to  the  patient  himself  a  large  part  of  the 
responsibility  for  the  care,  well-being  and  restoration  of  function  of  his  back. 

Largely  to  economize  on  the  time  of  the  professional  staff  ana  to  continue 
providing  patients  with  the  knowledge  they  require,  the  hDMC  Back  Care  Education 
Programme  (BCEP)  was  developed.  It  was  launched  in  July  1578  and  was  directed  to 
complete  the  treatment  of  back  and  neck  pain  of  mechanical  origin  by  teaching  patients 
how  to  prevent  recurrent  problems.  The  programme  was  then  under  the  direction  of  the 
Chief  of  the  Orthopaedic  Civision,  LCol  O.T.  Portner  (now  retired),  who  made  it  policy 
that  all  patients  who  suffered  a  back  injury  were  to  be  educated.  The  exceptions 
included  those  with  metastatic  tumours  of  the  spine,  those  with  osteoporosis  of  the 
spine  and  those  requiring  highly  individualized  programmes,  e.g.  ankylosing 
spondylitis.  Those  with  spondylolisis  and  mild  grade  spondylolisthesis  were  also 
included  in  the  classes  but  their  conditions  were  made  known  to  the  principal  lecturer 
who  would  caution  against  certain  activities  and  postures.  We  took  advantage  of  the 
experiences  of  the  Canadian  Back  Education  Unit  which  had  commenced  its  services  in 
1974&.  Pat  ients  were  referred  to  the  Programme  by  their  Physicians  and  Physical 
Therapists,  and  were  fully  assessed  by  the  Outpatient  Physical  Therapists  prior  to 
eoucation  as  treatment  was  occasionally  necessary.  Patients  were  also  referred  from 
neighbouring  Bases.  Classes  were  deliberately  kept  small  with  never  more  than  sixteen 
patients  and  observers  in  each.  The  normal  group  size  was  twelve  and  considerable 
individual  attention  could  still  be  afforded  patients. 

The  Five-Day  Education  Programme 

Between  July  and  December  1578,  the  Programme  was  conducted  twice  a  month,  for 
two  hours  a  day  from  Monday  to  Friday,  and  enjoyed  the  full  support  and  participation 
of  the  Division  of  Orthopaedics,  Departments  of  Physical  and  Occupational  Therapy, 
Department  of  Psychiatry  and  the  Dietary  Department. 

This  ten-hour  Programme  included  a  fairly  comprehensive  coverage  oi  the 
following  subjects: 

the  Anatomy  and  Pathology  involving  the  Lumbar  and  Cervical  spine, 
including  the  course  of  degeneration  of  the  disc,  facet  joint  dysf unctinon , 
osteoarthritis,  bulging  and  herniated  discs,  strains,  sprains  and  postural 
dysfunction.  This  lecture  was  provided  by  the  Chief  Orthopedic  Surgeon, 
the  Mechanical  Principles  involving  function  of  the  spine,  incluoing  the 
principles  governing  movement,  load,  stress  and  strain;  the  principles  of 
postural  control;  the  role  of  re-achievement  of  full  range  of  movement  in 
the  prevention  of  recurrent  problems.  This  lecture  was  provided  by  a 
Physical  Therapist. 

the  Psychological  Implications  of  chronic  pain,  incluoing  factors  affecting 
the  perception  of  pain;  inseparability  of  the  physical 

ana  emotional  components;  recognition  of  factors  likely  to  produce  pain  ana 
the  reduction  and  management  of  stressful  situations.  This  lecture  was 

providea  by  the  Chief  of  the  Inpatient  Psychiatry  Division, 
the  Modifications  in  all  Activities  of  Daily  Living,  and  use  of  all  these 
modifications  to  good  mechanical  advantage  to  the  back  in  the  home,  office, 
and  in  the  vehicle.  This  lecture  was  given  by  an  Occupational  Therapist, 
the  Modifications  necessary  in  specific  sports  in  order  to  prevent 

recurrent  injury;  an  analysis  of  the  beneficial  and  potentially  harmful 
sports.  This  lecture  was  providea  by  the  Sports  Injuries'  Physical 
Therapist. 

Dietary  Counselling.  This  lecture  was  providea  by  a  Dietitian. 

An  exercise  session  to  include  the  necessary  stretch,  mobility  ana 
strengthening  exercises  in  encouraging  full  range  of  movement  and  strength 

of  appropriate  musculature.  This  session  was  conducted  by  a  Physical 

Therapist. 

A  deep  relaxation  session  aimed  at  the  detection  and  control  of  muscular 
tension.  This  session  was  conducted  by  a  Physical  Therapist. 

Patients'  Question  Period  -  all  questions  were  answered.  This  session  was 
conducted  by  a  Physical  Therapist. 

Teaching  Aida 


Teaching  aids  included  slides,  slide  projector  and  screen,  blackboard,  a  mobile 
spine,  a  pair  of  lumbar  vertebrae  for  each  patient,  ”ana  a  few  sets  of  cervical 
vertebrae.  The  patients  provided  considerable  interaction,  mainly  in  information 
exchange  and  mutual  support.  The  atmosphere  then,  as  it  still  is  now,  was  relaxed, 
one  of  positive  reinforcement,  and  enthusiastic  in  approach  to  the  subject  of  Low  back 
Pain.  The  Programme  was  also  considered  to  be  most  helpful  by  the  nursing  staff  who 
attended,  in  their  care  for  the  patients  in  hospital. 
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Questionnaire  ana  Quiz  Completion 

Patients  who  attenoeo  the  BCEP  were  requirea  to  complete  a  ten-question 

multiple  choice  anatomy  and  pathology  quiz  prior  to  eoucation,  to  determine  their 
basic  comprenens ion  o £  low  back  pain  ana  its  course.  The  results  consistently 
aemonstratea  a  maximum  of  20%  correct  answers!  Ihe  post-education  quiz  results 

oemonstratea  an  average  of  90%  comprehension.  Ihe  patients  were  also  requirea  to 
complete  a  basic  Questionnaire  on  the  history  ana  nature  of  their  back  pain.  These 
questionnaires  were  classitieo  confidential  when  completed.  A  Review  Questionnaire 
was  sent  out  to  the  patient  six  months  later  for  follow-up  purposes  and  to  aetermine 
the  value  of  the  eaucational  role  in  treatment.  The  original  Questionnaires  usea  tor 
these  purposes  were  aesignea  by  tfhe  Canaaian  Back  Education  Unit  and  had  to  be  sent  to 
Toronto  for  computerized  aata  processing. 

Problems  Encountered  with  the  five-aay  BCEP 

Although  most  well-establishea  Programmes  are  conauctea  over  weekly  periods 

ranging  from  two  to  four  weeks , ^ *  h >'■ ^  mainly  tor  continuous  positive 

reinforcement  purposes,  the  initial  experience  at  the  NDhC  from  july-December  197b  was 
subject  to  several  frustrations: 

patients'  attendance  awinolea  after  the  first  three  days'  lectures.  Those 
attending  from  headquarters  coula  not  always  get  a way  from  schedulea  or 
unscheaulea  business; 

lecturers  on  the  Meaical  Team  coula  not  always  be  present  owing  to 
emergencies  arising; 

-  lecture  room  bookings  woula  be  cancelled  by  other  departments  at  short 

notice  for  other  hospital  functions  and  alternative  arrangements  would  have 
to  be  made. 

patients  from  other  Bases  could  not  always  attend  owing  to  the  expense 
involved  with  temporary  duty  travel  for  a  week. 

With  regard  to  subject  matter,  small  concerns  arose  regarding  the  neeo  for  a  dietary 
counselling  session;  only  the  occasional  patient  required  this  and  would  have 
preferred  personal  consultation  with  his  dietitian.  The  value  of  a  single 

aeep-relaxat ion  session  was  also  questioned  as  most  patients  required  more  practice, 
ana  the  only  session  experienced  during  tne  entire  programme  was  invariably  severely 
interrupted  with  a  great  deal  of  snoring  and  escalating  laughter  culminating  in 
convulsions.  So  much  tor  traditional  aeep  relaxation  en  inasse! 

The  Two-Day  Programme 

As  a  result  of  all  these  difficulties  experienced  in  a  six-month  perioo,  the 
two-day  programme  emerged  in  1979,  and  continued  thus  until  October  1984  when  it  was 
revised  once  more.  The  two-aay  programme  was  a  great  deal  more  efficient  in  terms  ot 
administration,  management  and  organization  within  the  limited  resources  of  time  and 
personnel.  The  bCEP  continued  to  be  conducted  twice  a  month,  on  Mondays  ana  Tuesdays, 
and  contained  essentially  the  same  itinerary  with  the  exception  of  the  Dietary 
Counselling  and  the  Deep  Relaxation  Sessions.  This  eight-ana-one-half  hours' 
programme  conducted  over  two  days  enjoyed  an  excellent  attendance  record  for  both 

days,  both  from  the  Ottawa  Bases,  ano  National  Defence  headquarters,  and  permitted 

attendance  by  those  from  Bases  further  afield. 

Another  change  took  place  in  the  summer  of  1963  when  the  Chief  of  the  Inpatient 
Psychiatry  Division,  LCol  M.  Lange,  was  posted  out  of  the  NDMC  and  replacement  support 
to  the  Programme  was  not  available.  Prior  to  his  departure,  in  order  not  to  lose  this 
integral  part  of  the  programme,  his  lecture  was  recorded  on  Video  Cassette  Recording 
tor  all  future  classes.  Teaching  aias  toaay  include  a  television  ano  recorder.  In 
the  two-day  programme  all  patients  continued  to  complete  the  anatomy  and  pathology 
quiz  before  ana  after  education,  as  well  as  the  comprehensive  questionnaire  cesigneo 
by  the  Canaaian  Back  Eoucation  bnit®.  All  patients  continued  to  be  reviewed  by 
questionnaire  after  six  months. 

Review  Assessment 

At  review,  patients  reassess  their  condition  ana  rate  themselves  with  the 
following  grades: 

0  -  worse;  more  pain;  increased  disability 

1  -  no  change 

2  -  slight  improvement;  same  amount  of  pain;  some  decrease  in  disability. 

3  -  fair  improvement;  slightly  decreased  pain;  moderately  decreased  disability. 

4  -  good  improvement;  moderately  decreased  pain;  largely  decreased  disability. 

5  *  excellent  Improvement;  largely  decreased  pain;  no  disability. 

Although  very  much  a  subjective  measure,  Grades  3,  4  and  3  are  considered  satisfactory 
improvement.  Grades  0,  1  and  2  are  unsatisfactory  and  the  patient  is  aavisea  to 
return  for  reassessment,  treatment  it  necessary,  ano  to  attend  a  refresher  course. 

Staffing  Constraints  and  Trial  of  the  One  Day  Programme 

In  1981,  the  Chief  of  Orthopaedics  then,  LCol  Portner,  could  not  continue  to 
lecture  for  the  BCEP  owing  to  staffing  constraints  in  his  Division  and  this  task  was 
delegated  to  the  senior  Physical  Therapist.  The  Programme  today  is  conducted  entirely 
by  the  Department  of  Physical  Medicine  and  Rehabilitation  staff.  In  1964,  further 
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revision  oi  the  Programme  took  place,  consequent  upon  a  professional  statf  shortage  in 
the  Physical  therapy  Division,  and  re-organization  involved  contemplation  of 
condensing  the  two-day  Programme  into  one  day.  Serious  consideration  was  given  to  the 
possibility  of  deterioration  of  its  quality  and  the  retention  of  information  by 
patients  who  would  no  longer  have  the  opportunity  for  clarification  or  expansion  of  an 
issue  thought  about  overnight.  In  addition,  time  constraints  would  force  an 
atmosphere  charged  with  increased  intensity  ana  would  be  therefore  less  relaxed.  In 
spite  of  these  fears,  a  three-month  trial  of  the  One-Day  Programme  was  conducted  to 
establish  its  feasability. 

One  Day  BCEP  Changes  and  Problems  Encountered 

Only  absolutely  essential  subject  content  was  retained;  the  pre-  and 
post-education  quizzes  were  eliminated,  and  the  Initial  Questionnaire  was  completed 
prior  to  attendance,  and  brought  to  the  classroom  for  submission.  In  the  past,  the 
completion  of  quizzes  and  Initial  Questionnaires  would  absorb  at  least  one  half  hour 
of  classroom  time.  lhe  Initial  Questionnaire,  however,  was  necessary  in  oraer  to 
provide  reference  for  review  by  Questionnaire  six  months  later. 

lhe  trial  proved  that  a  one-day  Programme  was  perfectly  acceptable  to  both  the 
patients  and  staff  after  a  few  initial  concerns  were  settled.  These  concerns  involved 
coffee  breaks,  ana  question  periods.  When  the  two-day  Programme  was  being  conducted 
the  classes  started  at  1000  hours  so  a  morning  coffee-break  was  quite  unnecessary.  An 
afternoon  coffee-break  was  not  necessary  as  patients  generally  arrlvea  in  the 
gymnasium  for  the  exercise  session  at  this  time.  Lunch  was  provided  at  hospital 
expense.  As  the  patients  were  now  starting  at  0800  hrs  a  break  had  to  be  provided 
between  0800  and  1200  hrs.  Fifteen  minutes  did  not  provide  sufficient  time  for 
patients  (some  of  whom  had  difficulty  moving  swiftly),  to  go  to  the  Cafeteria,  queue 
up,  have  coffee  and  refreshments,  and  return  within  that  time.  Time  constraints  did 
not  permit  a  half-hour  break  which  would  have  been  ideal.  After  considerable 
administrative  agonizing  this  dilemma  was  solved  with  the  provision  of  coffee  in  the 
classroom.  This  has  had  the  added  beneficial  effect  of  proviaing  a  more  informal 
atmosphere.  The  two-hour  question  period  provided  in  the  two-day  session  which 
permitted  Individual  problems  to  be  dealt  with  in  their  entirety,  had  to  be  dispensed 
with  in  the  one-day  session.  Question  period  then  became  dispersed  in  short  intervals 
after  lecture  series  and  occasionally  over  lunch. 


The  One -Day  BCEP  Content 

The  present  one-day  Programme  is  still  conducted  two  or  three  times  a  month, 
depending  on  demand,  and  is  held  on  Mondays.  The  itinerary  for  the  day  is  as  follows: 

0800-0630  Welcome  and  Registration;  collection  of  completed  Initial 

Questionnaires 

0830-0930  Anatomy  and  Pathology  Lecture 
0930-0945  Coffee  break  and  Questions 

0945-1045  Mechanical  Principles  in  Spinal  Function  and  the  Prevention  of 

Recurrence  (Lecture). 

1045-1100  Question  Period 

1100-1200  hoaif ications  in  the  continued  practice  of  Sports  and  Recreational 

Activity  (Lecture) 

1200-1245  Lunch 
1245-1315  Question  Perioa 

1315-1400  Psychological  Implications  of  Chronic  Pain  (Videotaped  Recording) 
1400-1445  Modifications  in  the  Activities  of  Dally  Living  (Lecture  but  soon 
to  be  a  practical  session  in  the  Occupational  Therapy  Division) 
1445-1500  Question  Period 

1500-1600  Exercise  Session  in  the  Physical  Therapy  Division  gymnasium 
1600-1615  Closing  Remarks 


Cost  Effectiveness  and  Quality:  One-Lav  BCEP 


That  the  one-day  Programme  is  more  cost-effective  in  comparison  with  the  former 
two-day  Programme  is  undoubted.  The  teaching  intensity  has  increasea  and  no 
perceivable  deterioration  in  quality  has  occurred,  due  largely  to  the  long-term 
experience,  enthusiasm  and  commitment  of  the  lecturing  team.  Patients  seem  as  equally 
delighted  with  this  one-day  opportunity  to  gain  understanding  of  their  problems, 
coping  mechanisms  and  practical  advice  as  did  their  predecessors  attending  the  two-day 
session.  From  all  the  foregoing  experiences  in  Back  Care  Education,  it  is  concluded 
that  one  full  day  is  the  very  minimum  time  necessary  for  the  retention  of  the 
comprehensiveness  of  the  Programme  for  our  military  patients.  It  is  speculated  that 
to  sacrifice  any  of  the  present  content  in  the  interests  of  time  economy  for  any 
reason,  would  seriously  affect  its  holism,  quality  and  effectiveness,  though  even  a 
three-hour  back  school  has  been  described  as  a  "positive"  experience.  J-6 

Data  Processing  Difficulties 


Data  Processing  Services  for  the  Questionnaires  were  obtained  from  the  Canadian 
Back  Education  Unit  between  1978-1980.  Thereafter  financial  constraints  precluded  any 
further  processing  until  hov  1984.  Consequently  the  Questionnaires  from  the  years 
1981-1984  were  stored  until  this  time  when  services  were  obtained  from  the  University 
of  Ottawa,  a  much  closer  source.  Patient  compliance  for  return  of  the  Review 
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Questionnaire  has  always  oeen  oitiicult.  Although  540  patients  attenoea  the  bCEP  in 
1978-79,  only  401  of  these  patients  returnea  their  Review  Questionnaires  for 
comparison  with  tneir  initial  Questionnaires.  In  1980,  of  550  patients  who  attenoea, 
only  451  of  Reviews  were  obtained.  Between  1981  and  1984,  705  Reviews  were  sent  out 
ana  44%  were  returnea.  lo  proviae  encouragement  with  return,  patients  have  been, 
since  1980,  supplied  with  stamped  ana  adaressea  return  envelopes  and  an  encouraging 
letter.  A  further  difficulty  was  encountereo;  of  those  who  aio  take  the  trouble  to 
return  their  Review  Questionnaires,  a  high  proportion  aio  not  answer  all  the  relevant 
questions  making  oata  processing  tor  statistical  significance  of  certain  factors 
extremely  difficult  if  not  impossible. 

Pleasuring  the  Value  of  the  BCEP 

Attempting  to  measure  the  worthiness  of  the  bCEP  has  been  a  formidable  task,  as 
this  is  necessarily  a  very  subjective  measure.  Ihe  questions  asked  on  the 
Questionnaires  designed  in  the  early  seventies  proviae  a  great  aeal  of  very 
interesting  information,  possibly  useful  tor  future  research  purposes,  but  were  not 
founa  to  be  specific  enough  for  an  analysis  of  improvement  which  could  be  attributea 
entirely  to  back  Care  Education  exclusive  of  other  treatment  received.  It  is 
anticipated  that  such  a  measure  would  be  possible  under  pure  research  conditions.  The 
results  obtained  to  date  are  shown  in  Table  3. 

table  3 


General  Status  At  Six-Eonth  Review 


+ 

♦ 

Average 

Percentage 

Rated  factor 

19/8-75 

1580 

1581 

1582 

1583 

1584  1981-84 

Improvement 

1.  %  Pain  Getting 

Worse : 

Before  BCEP 

15.6 

lb. 6 

26.0 

21.6  15.33 

After  BCEP 

4.5 

16.3 

55.0* 

2.0  7.6 

60.73 

(1583  not 

2.  %  Cont.  Pain 

included) 

Without  Attacks: 

Before  bCBP 

14.7 

19.1 

21.4 

15.0  16.55 

After  BCEP 

15.0 

16.0 

15.0 

16.8 

20.3  17.0 

8.35 

3.  %  Cont.  Pain 

With  Attacks : 

Before  BCEP 

lb. 4 

14.0 

22.8 

33.3  21.63 

After  BCEP 

7.0 

5.5 

12.1 

7.8  9.1 

57.92 

4.  %  Required  Bo 

further 

Treatment 

** 

i.e.  After  BCEP 

70.0 

75.0 

70.1 

67.0 

71.4 

57.1  71.50 

(15b4  not 
included) 

5.  %  following  Back 

Care  Regime: 

Before  BCEP 

74.6 

74.2 

50.5 

90.1  62.45 

After  BCEP 

86.5 

87.3 

95.0 

57.0  91.45 

10.9 

6.  %  founo  BCEP 

helpful: 

55.0 

55.0 

55.0 

9i  .0 

57.0 

100.0  95.75 

7.  %  Rateo  Themselves 

*** 

Improved : 

7b. 0 

73.0 

74.0 

72.7 

71.0 

88.2  73.34 

hot  Improved: 

24.0 

27.0 

26.0 

27.3 

23.0 

11.8  25.46 

(1984  not 
included) 

*  An  anomaly,  reasons  tor  this  are  being  explored. 

**  Lower  percentage  explained  by  higher  percentage  of  patients 

undergoing  Physical  therapy  treatment  at  time  of  attendance  at 
BCEP  ana  continuing  treatment  immediately  afterwards. 

**•  4  months  of  the  One-bay  programme  recorded  in  the  1984 

statistics. 

+  Statistical  oata  tor  1978-80  received  from  the  original  source 
of  Data  Processing  Services  were  extremely  scanty. 

Ihese  results  provide  an  indication  of  tbs  value  of  education  ana  were  obtained  from 
the  answers  proviaeo  to  the  following  questions: 

1.  Do  you  think  your  back  pain  is  getting  worse? 

(Percentage  noted  for  those  answering  yes  before  and  after  education  -  Ihe 
difference  is  indicative  of  ability  to  prevent  or  control  pain). 

2.  Do  you  have  continuous  pain  without  attacks  in  addition  to  your  pain? 
(Percentages  for  those  answering  Tea  calculated  before  ana  after  education 
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Che  difference  is  indicative  of  ability  to  prevent  attacks). 

3.  Do  you  have  continuous  pain  with  attacks  in  addition  to  your  pain? 
(Percentage  for  those  answering  Yes  calculated  before  and  after  education  - 
the  difference  is  indicative  of  ability  to  control  attacks). 

4.  Have  you  received  any  further  treatment  Tn  tfie  last  six  months,  i.e. 
following  the  BCEP? 

(Percentage  noted  for  those  not  having  required  treatment  -  an  indication 
of  non-recurrence  in  a  six-month  period). 

5.  Are  you  following  a  Back  Care  Regime  now,  i.e.  regular  exercise,  behaviour 
modification,  modified  lifestyle,  postural  control,  etc.? 

(Percentage  noted  for  those  answering  Yes  -  an  indication  of  assimilation 
of  the  BCEP  content). 

6.  Did  you  find  the  BCEP  helpful  to  you? 

(Percentage  noted  for  those  answering  Yes  -  an  indication  of  the  usefulness 
of  the  BCEP). 

7.  how  would  you  rate  the  condition  of  your  back  now,  i.e.  since  attending  the 
BCEP? 

(Percentage  Satisfactory  “  Grades  3,  4  and  5;  Unsatisfactory  -  Grades  0,  1 
and  2 

some  indication  of  effectiveness  of  BCEP  but  inconclusive;  too  many 
other  factors). 

Activity  Limitations 

Patients  were  also  asked  if  they  had  any  limitations  in  the  following 
Activities  of  Daily  Living:  sitting;  standing;  walking;  driving;  general  exercise; 
gardening;  lifting;  carrying;  sexual  intercourse;  housework;  lying  down;  sleeping,  and 
sports.  At  Review,  they  were  asked  if  they  still  had  limitations  in  the  practice  of 
these  same  activities.  The  activities  identified  as  producing  greatest  limitation  by 
the  majority  of  those  who  answered  this  series  of  questions  included  Sitting; 
Standing;  Lifting;  Carrying;  and  Sports.  These  activities,  with  the  exception  of 
Stanoing,  were  found  to  be  significantly  improved  at  the  time  of  Review.  These 
findings  are  shown  in  Table  4. 

Table  4 


Activity  Limitations  At  Six-honth  Review 


X  Activity  Limited 

1981 

1982 

1984 

Average 

1981-1984 

Percentage 

Improvement 

1.  Sitting: 

Before  BCEP 

35.0 

41.1 

41.0 

44.2 

40.32 

After  BCEP 

25.0 

31.1 

47.6 

13.5 

29.30 

27.33 

2.  Standing: 

Before  BCEP 

27.1 

31.3 

41.0 

51.6 

37.75 

After  BCEP 

34.5 

35.4 

69.1 

24.5 

40.87 

(8.26)* 

3.  Lifting: 

Before  BCEP 

43.1 

56.9 

63.0 

67.2 

57.55 

After  BCEP 

34.0 

35.8 

41.1 

32.6 

35.87 

37.67 

4.  Carrying: 

Before  BCEP 

42.5 

53.8 

58.4 

66.6 

55.32 

After  BCEP 

41.4 

38.7 

32.5 

30.2 

35.70 

35.47 

5.  Sports: 

Before  BCEP 

44.0 

54.6 

60.9 

55.1 

53.65 

After  bCEP 

32.6 

37.2 

28.5 

24.3 

30.65 

42.87 

*  The  reasons  for  more  patients  reporting  limited  ability  to  stand 
are  at  present  obscure  and  may  Include  a  number  of  factors  such  as 
interpretation  of  pain,  non-practice  of  postural  control  and 
fatigue-  relief  postures,  weight-related  factors,  change  in 
activity,  etc.  These  results  imply  that  the  lecturing  staff  need 
to  provide  more  attention  to  the  postural  control  of  pain  in 
standing. 

Overall  Results 

The  overall  results  demonstrating  effectiveness  and  usefulness  of  the 
BCEP  may  be  measured  in  relation  to  the  following  factora:  Pain,  Activity 
Limitation,  Performance  of  Back  Care  Regime,  Requirement  for  no  further 
medical  treatment,  the  patient's  self-rating  of  satisfactory  Improvement,  and 
the  helpfulneas  of  the  BCEP. 


Table  3 


Results 


factor 

Before 

After 

Imorovement 

1.  Pain: 

a.  Pain  Getting  Horse 

(without  1983  statistics) 

19.33% 

7.6% 

60.7% 

b.  Continuous  Pain 

Without  Attacks 

18.55% 

17.0% 

8.35% 

c.  Continuous  Pain 

With  Attacks 

21.63% 

9.1% 

57.92% 

2.  Activity  Limitation: 

a.  Sitting 

40.32% 

29.30% 

27.33% 

b.  Standing 

37.75% 

40.87% 

(8.26%) 

c.  Lifting 

57.55% 

35.87% 

37.66% 

d.  Carrying 

55.32% 

35.70% 

35.47% 

e.  Sports 

53.65% 

30.65% 

42.67% 

3.  Performance  of  Back  Care  Regime: 

82.45% 

91.45% 

10.9% 

4.  Requiring  No  Further  Treatment: 
(1964  statistics  not  included) 

71.5% 

5.  Rating  of  Imorovement : 

Satisfactory 

Not  Satisfactory 

73.34% 

25.46% 

6.  Found  the  BCEP  heloful: 

95.75% 

Interpretation  of  Results 

As  far  as  the  effectiveness  of  the  BCEP  is  concerned,  the  results  shorn  do 
demonstrate  that: 

1.  the  BCEP  does  substantially  prevent  pain  from  getting  worse  (i.e.  the 
frequency  of  episodic  pain) ; 

2.  the  BCEP  does  result  in  some  pain  reduction,  (i.e.  the  intensity  of  pain). 

3.  the  BCEP  is  very  effective  in  reducing  successive  attacks  (recurrences). 

4.  the  BCEP  does  result  in  reaucing  limitation  in  the  activities  of  sitting, 
lifting,  carrying  and  sports.  That  more  patients  at  Review  reported 
limitation  tor  standing  requires  investigation. 

3.  the  BCEP  does  result  in  an  improvement  in  the  performance  of  a  Back  Care 
Regime,  ano  there  appears  to  be  a  relationship  between  those  who 
consciously  care  for  their  backs  and  the  reduced  frequency  of  pain  and 
attacks.  The  Back  Care  Regime  consists  ot  regular,  modified,  or  restricted 
exercise;  modification  of  general  activity;  the  avoidance  of  certain 
activities  if  necessary;  change  in  posture;  behaviour  modification;  regular 
medication  and  use  of  a  back  brace  if  necessary.  Of  the  high  percentage  of 
patients  reported  carrying  out  a  back  care  regime  prior  to  attending  the 
BCEP,  most  indicated  that  they  performed  exercises  only.  At  Review  the 
majority  still  performed  regular  exercise  but  included  modificetion  of 
activity,  postural  consciousness,  and  behaviour  modification. 

6.  that  the  BCEP  haa  reduced  the  requirement  for  further  treatment  tor  71.5% 
ot  petienta  at  the  6-montb  review  would  be  more  meaningful  had  theee 
patients  been  aurveyed  at  an  Interval  of  one  year. 

7.  That  the  BCEP  has  been  entirely  responsible  for  the  satisfactory 
improvement  of  theee  patients  cannot  be  wholly  oetermineo  unless  control 
groups  not  receiving  education  and  receiving  education  only  can  be  included. 

8.  that  the  usefulness  of  the  BCEP  to  these  patients  la  undoubted. 

Length  of  the  BCEP  and  Overall  Effectiveness 

There  appears  to  be  little  or  no  relation  between  the  length  of  the  Programme 
(5-day,  2-day,  or  1-day)  and  (a)  the  frequency  of  continuous  pain  or  attacks,  and  (b) 
the  requirement  for  further  treatment.  However,  when  the  patients  rate  their  degree 
of  setlefactory  Improvement  following  the  BCEP,  while  there  is  no  difference  between 
the  five  ano  two-day  Programme  (1978-1983),  1984  presents  the  first  significant 
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difference  (leble  3)  which  may  be  Che  result  of  the  inclusion  of  four  months  of  the 
1-day  Programme  so  far  recorded.  The  1985  data  will  be  better  able  to  demonstrate 
this  when  processed  by  the  end  of  1985. 

Comments  bv  Patients 

The  Questionnaires  at  Review  provide  space  for  comments  by  the  patients.  Some 
patients  include  letters  as  well,  describing  their  modifications  in  the  conduct  of 
their  activities,  and  lessened  intensity  of  pain;  a  few  have  stated  that  the  knowledge 
obtained  in  the  BCEP  has  actually  eliminated  their  pain,  most  probably  through  the 
alleviation  of  anxiety.  All  letters  and  comments  have  expressed  gratitude,  including 
comments  such  as:  "This  is  the  best  military  course  I  have  ever  attended;"  "Why 
couldn't  all  of  this  have  been  taught  me  twenty  years  ago?"  (the  author  never  insists 
that  they  would  not  have  listened  quite  as  attentively  twenty  years  ago).  "Everybody 
at  Recruit  School  should  have  this  education  -  think  of  all  the  problems  I  wouldn't 
have  had  to  suffer...",  etc.  etc.  All  patients  are  invited  to  write  or  telephone  if 
they  have  any  particular  problems  that  they  feel  they  need  specific  help  or  aovice  to 
cope  with  them  satisfactorily.  And  they  do,  with  problems  ranging  from  obtaining  a 
comfortable  night's  sleep  on  cold,  uneven  ground  during  field  exercises  to  working  in 
necessarily  awkward  positions  on  aircraft.  Others  write  to  request  that  they  share 
newfound  experiences  less  traumatic  to  the  spine  with  future  classes.  What  is  most 
gratifying  is  that  all  these  "graduates"  appear  to  regard  the  BCEP  as  a  resource  now 
where  they  can  turn  to  for  advice  at  any  time  in  their  careers  with  regard  to  their 
back  problems. 

All  patients  with  unsatisfactory  ratings,  i.e.  those  who  grace  themselves  as 
being  worse,  or  showing  no  perceptible  change  in  their  condition,  or  who  write  to 
express  concern  with  an  increasing  problem,  are  Invited  back  to  the  Department  for 
reassessment,  and  further  investigation  by  the  Chief  of  Orthopaedics  if  necessary,  and 
appropriate  treatment.  A  small  percentage  of  the  more  serious  cases,  for  instance, 
those  with  metastatic  tumours,  have  been  identified  this  way.  Others  have  merely 
required  more  Physical  Therapy  treatment  and  refresher  courses,  and  a  minute  number 
have  simply  been  reluctant  or  unable  to  modify  behaviour  or  activities  and  have 
preferred  not  to  part  with  their  longstanding,  companionable  pain,  nor  with  their  TENS 
Units.  This  minority  invariably  comprises  Veteran  patients  in  their  late  sixties. 

Cost  Effectiveness  of  the  BCEP 

The  cost  effectiveness  of  the  prevention  of  recurrent  back  injury  is  based  on  the 
cost  of  time  lost  due  to  absence  from  work  versus  the  cost  of  education  of  the 
patient.  It  is  extremely  difficult  at  present  to  determine  the  frequency  of  recurrent 
injury  following  a  first-time  incident  of  Low  Back  Pain  owing  to  lack  of  specificity 
of  aata.  for  present  purposes,  although  60%  of  those  suffering  a  first-time  incidence 
can  be  expected  to  have  recurrent  episodes^,  without  the  benetit  of  preventive 
education,  the  NDMC  experience  has  demonstrated  that  71.5%  (Table  5)  have  not  required 
further  treatment  following  education. 

Based  on  an  everage  of  300  patients  per  year  attending  the  BCEP  for  one  oay,  at  a 
cost  of  $600  per  member  to  the  Department,  the  programme  costs  $180,000  per  year. 
Since  a  disabling  back  injury  in  the  CAP  requires  an  average  of  5.13  days '  absence 
from  work1’,  the  cost  to  the  Department  for  recurrent  episodes  in  60%  of  these 
patients  were  they  not  educated  would  amount  to  $556,040.  However,  following  the 
BCEP,  71.5%  or  215  peraons  have  not  required  treatment.  The  85  persons  who  may  be 
assumed  to  have  experienced  recurrence,  have  cost  the  Department  $  261,630. 

Therefore,  based  on  a  potential  loss  of  $554,040  per  year  to  the  Department,  the  BCEP 
at  the  NDhC  has  saved  the  Department  $292,410  (excluding  any  required  treatment  costs) 
at  a  cost  effectiveness  of  1.62  per  year. 

This  disregards  the  probability  that  the  frequency  of  third,  fourth  or  fifth 
recurrences  is  higher  than  the  60%  of  recurrences  expected  after  a  first  episode.  It 
should  be  noted  that  the  majority  of  patients  referred  to  the  BCEP  have  already 
experienced  a  recurrence,  and  that  the  percentage  of  re-reoccurence  is  higher  than 
that  of  the  first  recurrence  and  therefore  greater  than  60%.  It  also  disregards  more 
than  one  recurrence  per  patient.  The  cost  effectiveness  of  1.62  can  therefore  be 
considered  an  absolute  minimum;  it  is  probable  that  this  ratio  can  be  shown  to  be  in 
access  of  3  or  4:1  with  better  data  from  the  field.  This  is  already  being  addressed 
in  the  latest  questionnaires.  It  is  speculated  that  the  savings  to  the  Department  of 
National  Defence  could  be  considerable  were  it  possible  to  extend  the  BCEP  to  all 
Bases,  Stations  end  Ships,  and  to  include  the  DND  Civilians  as  well. 

Conclusion 

1.  The  BCEP  at  the  NDhC  has  proven  effective  in  preventing  the  present  condition 
from  becoming  worse,  in  reducing  the  Intensity  of  continuous  pain,  and  in 
controlling  recurrent  attacks  of  Low  Back  Pain.  It  has  also  proven  effective  in 
reducing  activity  limitation  in  lifting,  carrying,  sitting  and  sports. 

2.  The  BCEP  has  encouragso  more  clientele  (91.5%)  to  be  responsible  for  the  care  of 
their  becks  in  following  s  regime  of  regular  exercise,  activity  modification, 
behaviour  modification  ana  postural  control.  Patients,  almost  unanimously 
(95.75%)  recognise  and  appreciate  the  benefits  received. 

3.  There  is  little  demonstreble  difference  in  outcome  between  a  10-hour  course 
conducted  over  five  days,  the  6.5-hour  course  over  two  days,  and  the  present 
course  of  7  hours  conducted  in  one  oay. 
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4.  Ibe  BCEP  is  a  cost  effective  mechanism  to  increase  the  overall  effectiveness  of 
DND  personnel  by  reducing  the  number  of  days  lost  due  to  recurrent  back  injury 
ana  back  pain. 

Back  Care  Education  at  the  National  Defence  Medical  Centre  is  a  continuing 
process.  The  collection  and  analysis  of  patient  data  will  continue  in  order  to 
determine  responses  to  increased  or  changed  patient  neeos,  and  to  continuously  assure 
high  quality  standards  and  cost  effectiveness.  All  patients  attending  the  1985 
sessions  and  thereafter  will  be  reviewed  for  one  year  for  better  data. 

From  September  1985  the  session  on  the  Modification  of  Activities  of  Daily  Living 
conducted  by  the  staff  of  the  Occupational  Therapy  Division  will  be  an  entirely 
practical  session.  The  need  for  practical  participation  by  clientele  has  been  based 
on  the  observation  that  patients  with  recurrent  Low  Back  Pain  attending  the  classes 
have  little  concept  of  the  degree  of  hip  and  knee  flexion  required  for  some  dally 
activities. 

It  has  also  been  observea  in  the  Exercise  Session  that  those  with  longstanding 
Low  Back  Pain  demonstrate  weakness  of  the  abdominal  muscles,  quadriceps  and  gluteii, 
as  well  as  tightness  of  ilio-psoas,  rectus  femoris,  erector  spinae,  hamstrings, 
piriformis,  and  other  muscle  groups.  This  observation  may  result  in  the  development 
of  a  twelve-session  Back  Exercise  class,  as  part  ot  complete  back  Care  for  clientele 
at  the  National  Defence  Medical  Centre. 

The  response  from  the  educated  patients  is  conclusively  positive  ana 
encouraging.  It  can  therefore  be  concluded  that  education  must  continue  as  an 
integral  part  of  the  holistic  treatment  of  all  patients  with  mechanical  low  back 
disorders,  and  that  it  would  be  advisable  to  expand  this  service  to  a  wider  range  of 
aepartmental  employees,  military  and  civilian. 
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UNBOLT,  CA:  In  regard  to  crewmen,  your  presentation  discusses  the  vulnerability  of  tank  crewmen 
to  back  injuries  and  their  severity.  Have  you  comparable  statistics  for  different  air  crewmen?  If  so, 
how  effective  is  your  Back  Care  Programme  in  returning  them  to  work? 

toRUNGTOM-KKABSLEY,  CAi  It  was  very  difficult  getting  any  information  on  aircrew.  I  had  gone 
to  our  Director  of  General  Safety  to  see  what  sort  of  data  had  been  submitted  to  him.  Unfortunately, 
tie  did  not  have  very  much  on  aircrew.  Out  of  the  10  who  had  been  reported  as  suffering  from  disabling 
beck  Injury  within  a  5  year  period,  9  were  pilots  and  one  was  an  air  navigator.  They  were  mainly  stu¬ 
dent  fighter  pilots,  who  were  taking  the  Basic  Officer  Training  Course  in  British  Columbia.  None  had 
suffered  their  Injuries  in  aircraft  or  within  their  flying  duty  area ;  they  had  suffered  sports  in¬ 
juries.  So,  its  extremely  difficult  to  provide  details  in  this  area.  A  lot  our  pilots  have  described 
back  pain,  but  none  of  them  have  been  reported  officially  to  the  Directorate  of  General  Safety.  In  the 
Back  Care  Programme  we  can  only  teach  then  how  to  avoid  further  recurrent  Injury  as  far  as  their  own 
actions  and  postural  activities  are  concerned.  A  lot  of  these  people  have  asked  if  they  can  wear  back 
braces  or  apply  a  back  support  to  the  aircraft  seat. 

IANDOLT,  CA:  Why  did  you  remove  the  deep  relaxation  session  from  your  one-day  prograsme?  That 
technique  and  biofeedback  have  been  quite  successful  in  returning  air  crew  to  duty  from  air  sickness, 
you  used  it  in  your  other  programmes . 

WARRINGTON- HEARS LEY ,  CA:  The  reason  is  that,  within  the  short  period  for  back  care  education, 
the  only  tine  that  tie  could  afford  for  deep  relaxation  is  one  hour.  Now,  when  you  have  a  class  of  IS 
people,  all  attempting  to  practice  deep  relaxation  or  at  least  be  introduced  to  the  technique,  half  the 
class  will  promptly  fall  asleep  and  begin  to  snore,  which  disturbs  the  other  half  of  the  class  who  are 
desperately  trying  to  relax.  All  of  our  deep  relaxation  sessions  were  an  absolute  failure.  Con¬ 
sequently,  we  decided  that  the  physical  therapists  would  then  treat  all  these  patients  with  individual 
deep  relaxation  sessions  and  give  them  a  first-time  session.  After  that,  they  were  issued  cassette 
tapes  that  they  could  take  and  practice  in  the  peace  and  quiet  of  their  own  homes. 

WILDER,  OS:  Is  there  an  average  job  description  of  the  cooks  who  were  in  the  program?  Are  they 
carrying  great  tubs  of  potatoes  or  similar  heavy  objects? 

WARRINGTON-KEARSLEY,  CA:  Yes,  the  cooks  were  obviously  in  the  high  risk  group;  and  it's  very 
interesting  that,  when  you  teach  people  how  to  lift  things  correctly,  you  generally  teach  them  to  keep 
a  very  straight  back  and  to  bring  the  object  closer  to  their  own  center  of  gravity.  Now,  in  the  case 
of  the  cooks,  it's  very  difficult  to  do  this  because,  half  the  time,  if  they  are  field  cooks  for  in¬ 
stance,  they  are  carrying  great  pots  of  soup  or  stew  or  whatever  —  enormous  trays  of  very  hot  food, 
which  you  cannot  bring  close  to  your  center  of  gravity.  So  1  would  think  that,  by  having  to  suspend 
these  large  objects  at  the  ends  of  the  arms,  they  are  subjecting  the  lumbar  spine  to  enormous  shear 
forces.  This  may  be  a  reason;  in  fact,  this  is  what  I  suspect  may  be  the  reason  for  the  severity  of 
injuries  to  our  cooks.  The  other  factor  may  be  the  floors,  on  which  cooks  may  have  to  tread  fairly 
carefully.  There  are  sometimes  spills;  they  sre  not  slways  dry;  and  they  are  not  always  non-skid  sur¬ 
faces.  Perhaps,  this  total  area  needs  to  be  Investigated  more  closely. 
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A  review  of  the  literature  on  the  back  pain  of  helicopter  pilots 
suggests  that  postural  fatigue,  rather  than  specific  Injury  to  the 
spine,  may  be  the  cause  of  much  of  the  reported  pain.  Postural  fatigue 
is  defined  here  as  fatigue  in  specific  muscles  whose  continuous  activity 
is  required  to  maintain  a  working  posture.  Descriptions  of  the  back  pain 
of  helicopter  pilots  are  compared  with  those  of  the  phenomenon  of 
postural  fatigue.  It  is  significant  that  there  is  a  strong  association 
between  the  pilot's  back  pain  and  actual  flight  duty,  in  fact,  pilots 
often  blame  their  helicopters,  rather  than  their  own  health,  for  their 
pain.  Biomechanical  aspects  of  the  pilot's  environment  and  of  tasks 
within  the  cockpit  are  assessed  as  potential  causes  of  postural 
fatigue.  Both  posture  and  vibration  within  the  cockpit  may  be  possible 
causes,  since  both  conditions  may  impose  continuous  activity  on  muscles 
of  the  lower  back.  Postural  fatigue  is  a  temporary  problem,  but  the 
causes  of  postural  fatigue,  such  as  sedentary  work  in  awkward  postures, 
are  considered  by  many  authors  to  be  related  to  Increased  incidence  of 
chronic  back  pain,  back  disease  and  related  disability.  Repeated  expo¬ 
sure  to  postural  fatigue  may  increase  the  likelihood  of  mechanical  back 
injury  by  reducing  the  effectiveness  of  the  protection  given  to  the 
spine  by  its  supporting  muscles  during  tasks  involving  bending  and  lift¬ 
ing.  Electromyography  has  been  used  to  index  postural  fatigue  in  the 
laboratory,  as  well  as  in  the  civilian  work  environment.  By  objectively 
defining  muscle  activity  and  fatigue,  electromyographic  methods  may 
allow  the  objective  assessment  of  different  ergonomic  proposals  to 
relieve  the  back  pain  in  helicopter  pilots. 


The  Back  Pain  of  Helicopter  Pilots 

For  about  a  quarter-century,  the  medical  authorities  of  many  armed  services 
have  described  the  phenomenon  of  pain  in  the  lower  back  among  helicopter  aircrew  [1]. 
The  most  comprehensive  review  of  this  problem  is  the  chapter  by  Delahaye  and  his  co¬ 
authors  [ 2 ]  in  the  book:  "Physiology  and  Pathophysiology  of  Spinal  Injuries  in  Aero¬ 
space  Medicine."  (I  have  used  the  English  title  of  the  translation  by  P.  Howard.) 
These  authors  describe  the  phenomenon  as  follows: 

"Chronic  lumbar  pain  is  the  most  common  complaint.  The  picture  is  of  a 
low-grade,  tiring,  heavy  ache  localized  in  the  lumbar  region,  or  some¬ 
times  lower  ( lumbo-sacral  pain).  It  extends  laterally,  often  predomi¬ 
nantly  to  one  side,  and  may  radiate  to  the  buttocks,  the  iliac  crests 
or,  more  rarely,  the  groin.  This  discomfort  is  brought  on  by  flight, 
aggravated  by  lifting  effort  or  by  long  car  journeys,  and  relieved  by 
lying  down  and  by  physiotherapy. 

At  a  higher  level  of  Intensity,  this  discomfort  becomes  a  pain  which 
makes  flying  very  gruelling  so  that,  despite  the  constraints  upon  the 
position  of  his  limbs,  the  pilot  seeks  to  change  his  posture.  The  pain 
increases  in  Intensity  during  the  last  flight  at  the  end  of  the  day,  and 
reaches  a  maximum  when  the  pilot  lands  the  aircraft.  Although  It  per¬ 
sists  during  the  evening,  it  tends  to  diminish,  but  reappears  on  stand¬ 
ing.  It  disappears  after  a  night's  rest." 

The  severity  and  prevalence  of  the  problem  called  "idiopathic  low-back  pain"  is 
widely  known.  It  ranks  among  the  more  common  reasons  for  seeking  medical  help  in  the 
industrialized  countries.  Back  disorders  In  general  are  an  Important  cause  of  worker 
disability.  Thus,  the  words  "backache",  "low-back  pain",  or  the  many  synonyms  for  this 
condition,  call  to  mind  a  chronic  condition  associated  with  considerable  pain  and 
costs. 


The  relationship  between  the  problems  of  a  helicopter  pilot  and  the  common 
phenomenon  of  Idiopathic  low-back  pain  is  an  important  question.  Is  the  problem  of 
back  pain  in  aircrew,  which  has  been  reported  and  discussed  so  frequently  by  military 
authorities,  the  same  as  the  problem  which  costs  the  civilian  population  so  much  in 
medical  treatment,  lost  time,  and  compensation? 

The  description  of  the  helicopter  pilot's  complaint  quoted  above  from  Delahaye 
et  al.  [2]  resembles  the  description  given  of  idiopathic  low-back  pain  given  in 
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text-books  on  the  subject,  such  as  that  by  Finneson  [3].  However,  there  are  some  dif¬ 
ferences  between  the  two  phenomena  which  are  worth  mentioning.  Shanahan  [4],  in  a 
recent  lecture,  has  observed  that  the  incidence  of  back  pain  in  the  civilian  popula¬ 
tion,  although  high  for  a  disease,  is  much  less  than  the  reported  incidence  of  back 
pain  in  surveys  of  helicopter  aircrew,  which  sometimes  reaches  100%.  The  other  signi¬ 
ficant  characteristic  of  the  helicopter  pilot  back  pain  problem  is  its  strong  associa¬ 
tion  with  actual  flight  duty. 

Back  pain  in  the  civilian  population  is  usually  reported  to  medical  profes¬ 
sionals  by  patients  who  have  suffered  chronic  pain  for  many  days.  Although  there  are 
some  patients  in  which  a  rapid  onset  of  pain  is  associated  with  a  particular  activity, 
such  as  bending  or  lifting,  there  are  many  patients  who  cannot  remember  the  occasion 
of  the  onset  of  their  pain  [5]. 

In  contrast,  the  helicopter  pilot's  back  pain  is  closely  associated  with  actual 
flight  duty.  Fitzgerald  and  Crotty  [6],  in  a  general  survey  of  aircrew  and  groundcrew 
in  the  UK  Royal  Air  Force,  found  that  over  half  of  the  300  pilots  who  experienced  fre¬ 
quent  in-flight  backache  never  suffered  from  backache  on  the  ground.  In  a  previous 
AGARD  conference,  Schulte-Wintrop  and  Knoche  of  the  Federal  Republic  of  Germany 
reported  on  a  survey  of  145  helicopter  aircrew  that  40%  complained  of  back  pain  during 
flight  and  51%  of  back  pain  after  flight.  In  only  39%  of  the  cases,  the  back  pain  was 
described  as  a  lasting  one. 

Shanahan  [4]  reported  on  a  survey  of  802  U.  S.  Army  aviators  which  found  that 
72.8%  experienced  back  pain  while  on  flight  duty,  while  only  14.5%  had  symptoms  which 
persisted  longer  than  48  hours.  Singh  [7]  reported  that  all  of  a  group  of  21  Chetak 
pilots  in  the  Indian  Air  Force  experienced  back  pain  in  flight,  but  this  was  relieved 
in  all  cases  by  rest. 

There  has  not  been  a  formal  survey  of  Canadian  helicopter  pilots  published 
recently,  but  informal  reports  indicate  that  there  is  also  a  strong  association 
between  back  pain  and  actual  flight  duty  in  Canadian  Forces  pilots. 

All  these  results  suggest  the  conclusion  proposed  by  Shanahan  [4]:  there  are 
two  groups  of  pilots  who  suffer  from  back  pain,  a  majority  who  suffer  a  temporary  pain 
which  is  felt  only  during  and  immediately  after  flight,  and  a  minority  who  suffer  from 
chronic  pain,  which  resembles  the  problem  known  as  idiopathic  low-back  pain  in  the 
civilian  world. 

Shanahan  proposes  that  repeated  exposures  to  the  temporary  pains  of  flight  may 
lead  to  persistent  pain  in  time,  rt  is  probably  premature  at  this  time  to  say  that 
helicopter  flight  duty  is  a  proven  risk  factor  in  chronic  low  back  pain  or  the  related 
disorders,  such  as  herniated  intervertebral  disks  or  sciatica.  However,  the  fact  that 
similar  activities  in  the  civilian  population,  such  as  professional  driving,  are 
proven  risk  factors  [8]  suggests  that  this  may  well  be  the  case. 

The  temporary  pain  associated  with  flight  should  not  be  ignored.  Many  authors, 
and  some  pilots,  acknowledge  that  it  may  Induce  a  pilot  to  modify  his  flight  plans  or 
distract  him  from  his  mission.  It  may  be  a  more  significant  problem  for  the  military 
use  of  helicopters  at  a  future  time  when  helicopters  are  required  to  play  a  greater 
role  in  military  operations  and  longer  and  more  arduous  missions  are  undertaken. 

It  is  also  likely  that,  through  understanding  the  temporary  pain,  better  know¬ 
ledge  of  the  causes  of  the  chronic  pain  may  be  obtained. 

Given  that  the  temporary  back  pain  of  helicopter  pilots  is  a  phenomenon  and 
operational  problem  in  itself,  how  can  we  most  easily  understand  its  causes  and 
provide  relief  for  the  afflicted  pilots?  This  essay  proposes  that  the  pain  arises  from 
postural  fatigue.  This  hypothesis  is  not  new;  the  concept  of  fatigue  as  the  source  of 
discomfort  in  helicopter  pilots  has  been  mentioned  by  other  authors  [5,7,9,10].  It 
deserves  some  examination  in  detail,  both  as  a  focus  for  future  research  and  as  a 
guide  to  those  who  are  attempting  to  relieve  the  problem. 

Postural  Fatigue 

"Postural  fatigue"  is  the  condition  which  arises  when  an  awkward  posture  is 
maintained  for  a  long  time.  Arndt  [11]  describes  the  phenomenon,  as  experienced  by 
video  display  operators,  as  follows; 

"While  the  amount  of  effort  required  to  maintain  the  various  postures 
involved  in  (video  display  terminal)  work  depends  on  the  position  of  the 
trunk,  the  limbs  and  the  head,  the  maximum  capacity  of  the  musculoskele¬ 
tal  system  is  ordinarily  not  approached,  even  in  the  most  extreme  posi¬ 
tions.  However,  such  Jobe  often  Involve  prolonged  periods  of  constrained 
posture  characterized  by  static  loading  of  muscles.  Under  such  condi¬ 
tions,  blood  circulation  may  be  reduced  preventing  the  proper  supply  of 
nutrients  to  the  muscles  and  removal  of  muscle  activity  by-products, 
leading  to  rapid  fatigue  and  pain.  If  these  conditions  persist  on  a 
daily  basis,  the  result  may  be  chronic  problems  often  including  the 
Joints  and  tendons." 
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A  number  of  investigators  have  reported  on  the  temporary  discomfort  caused  by 
the  maintenance  of  awkward  postures,  without  describing  the  phenomenon  as  fatigue.  The 
source  of  discomfort  may  be  the  sustained  stress  on  joints,  ligaments  or  tendons, 
which  may  create  discomfort  through  interference  with  normal  blood  flow  and  nutrition 
of  tissues  [ 12) . 

Postural  fatigue  appears  to  be  distinct  from  the  muscle  fatigue  induced  by 
strong  contractions  in  that: 

a.  the  muscles  involved  are  active  at  levels  which  are  a  small  fraction 
of  the  maximum  voluntary  contraction  force; 

b.  the  evidence  of  fatigue  i3  muscle  pain,  rather  than  the  diminution 
of  force  (which  is  the  criterion  given  by  Edwards  [13],  among 
others) ;  and 

c.  the  fatigue  takes  a  much  longer  time  to  occur  than  is  usually  the 
case  in  studies  of  sustained  contractions. 

Muscle  fatigue  is  a  complex  phenomenon,  in  which  different  causes  (force, 
duration,  duty  cycle,  blood  flow,  muscle  type  and  motivation)  play  a  part,  and  many 
different  effects  (reduction  in  maximum  force,  pain,  stiffness)  are  produced.  Physio¬ 
logists  have  studied  the  relationship  between  the  causes  and  effects  of  this  pheno¬ 
menon  extensively  for  many  years.  A  CIBA  foundation  symposium  [13]  provides  a  summary 
of  recent  research.  Most  studies  have  examined  the  effect  of  relatively  brief,  nearly 
maximal  contractions  or  exercises  on  the  performance  of  individual  muscles. 

One  phenomenon  of  relevance  to  the  study  of  postural  fatigue  is  the  "low- 
frequency  fatigue”  described  by  Jones  [14]  and  by  Edwards  [15].  This  is  induced  after 
a  long  series  of  ischaemic  contractions  and  persists  for  several  hours,  as  a  reduction 
in  the  force  response  to  nerve  stimulation  at  frequencies  less  than  that  required  for 
the  production  of  the  maximum  tetanic  force.  The  cause  of  the  slow  recovery  is 
believed  to  be  damage  to  the  internal  tubule  system  of  the  muscle.  The  association 
between  this  fatigue  and  pain  is  not  described  by  these  authors. 

Other  authors  attribute  the  temporary  pain  associated  with  sustained  contrac¬ 
tions  to  the  accumulation  of  lactic  acid  or  other  products  of  muscle  metabolism.  The 
relationship  between  the  pain  associated  with  fatigue  and  impairment  of  blood  flow  has 
been  mentioned  by  several  authors  [16-18].  The  impairment  of  blood  flow  appears  to  be 
as  significant  a  factor  in  the  development  of  pain  as  the  actual  exertion  of  the 
muscles.  This  impairment  can  arise  either  from  external  pressure  or  the  internal 
pressure  developed  in  an  active  muscle  [19,20]. 

The  development  of  fatigue  in  sustained  muscular  contractions  and  the  process 
of  recovery  have  been  studied  by  Monod  and  his  colleagues  (as  reviewed  by  Monod  [21]) 
and  by  Rohmert  [22,23].  The  application  of  their  findings  to  postural  studies  has  been 
discussed  by  Corlett  [24]  and  by  Corlett  and  Manenica  [25].  There  is  some  disagreement 
about  the  effect  of  contractions  which  are  a  small  fraction  (less  than  10?)  of  the 
maximum  voluntary  contraction  (MVC) .  Whereas  Monod  and  Rohmert  suggest  that  there  is  a 
"critical  force",  about  15?  of  the  MVC,  below  which  an  exertion  can  be  held  for  an 
indefinite  time,  Corlett  states  that  the  "critical  force"  is  no  more  that  8?  of  the 
MVC,  and  suggests  a  definition  of  “indefinite"  which  "restricts  it  to  about  30 
minutes"  [24].  This  disagreement  probably  arises  from  the  behaviour  of  different 
muscle  groups,  as  well  as  the  difficulty  in  measuring  the  effect  of  a  small  contrac¬ 
tion  held  over  a  long  period  of  time.  Corlett's  observations  apply  more  specifically 
to  the  muscles  of  the  lower  back. 

The  Use  of  Electromyography  in  Determining  Postural  Fatigue 

Electromyography  has  become  a  method  of  choice  for  investigation  of  the  effects 
of  awkward  postures  and  the  development  of  postural  fatigue.  Earlier  investigators 
used  the  simple  amplitude  of  the  electromyographic  ( EMG)  signal  to  estimate  the  level 
of  activity  in  the  back  muscles  [26-30].  This  is  valuable  for  estimating  the  force 
produced  by  a  muscle  group,  and,  indirectly,  the  stress  on  associated  joints  and  liga¬ 
ments.  It  has  been  used  this  way  in  studies  of  biomechanical  models  of  the  spine  by 
Nachemson  [31],  and  by  Andersson  and  his  colleagues  [32-38].  The  relationship  between 
the  EMG  signal  amplitude  and  muscle  force  is  not  an  exactly  linear  one  in  all  cases, 
as  noted  by  Grieve  and  Pheasant  [39].  However,  if  the  posture  of  the  subject  and  the 
length  of  the  muscle  under  study  are  controlled,  the  EMG  signal  is  a  good  relative 
index  of  muscular  force. 

It  has  been  known  for  some  time  that  there  are  changes  in  the  electromyogram 
which  are  associated  with  muscle  fatigue;  (see  the  review  by  Lindstrom  and  Petersen 
[40])  and,  in  the  last  fifteen  years,  the  computer  analysis  of  electromyograms  has 
allowed  the  routine  application  of  techniques  which  use  this  phenomenon.  The  principal 
change  in  the  EMG  signal  is  a  shift  in  the  frequency  spectrum  towards  lower  frequen¬ 
cies  [40-43].  This  can  be  measured  as  a  shift  in  the  mean  power  frequency,  as 
described  by  Lindstrom  et  al.t  [44,45]  or  as  a  shift  in  the  median  power  frequency  as 
described  by  de  Luca  an<T~others  [46-48]. 
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A  reason  given  for  the  change  in  the  EMG  spectrum  is  a  change  in  the  conduction 
velocity  of  action  potentials  in  the  muscle  fibres;  this  is  likely  to  be  the  conse¬ 
quence  of  changes  in  the  membrane  or  internal  tubule  system  caused  by  the  accumulation 
of  metabolites  [49,50].  The  changes  in  the  EMG  signal  precede  the  development  of  pain 
in  some  muscles  [41]. 

There  are  now  many  examples  of  the  use  of  electromyography  to  demonstrate  the 
fatigue  caused  by  sustaining  awkward  postures.  Andersson  et  al .  [18]  demonstrated  the 
increased  EMG  activity  in  the  back  muscles  of  automotive  assembly  workers.  Herberts 
and  Kadefors  [12]  used  the  EMG  technique  to  study  the  shoulder  pains  of  welders  in  the 
shipbuilding  trade;  they  have  to  hold  their  arms  above  their  shoulders  while  perform¬ 
ing  welding  tasks.  More  recent  studies  show  that  this  posture  leads  to  rapid  fatigue 
[51],  and  increased  intramuscular  pressure  in  certain  muscles  of  the  shoulder.  [52] 
Malmqvist  et  al.  [53]  has  shown  the  same  phenomenon  in  certain  building  trades,  and 
Hagunsson  et  al.  [54]  have  shown  it  among  butchers. 

Postural  Fatigue  in  the  Helicopter  Pilot 

Delahaye  and  his  colleagues  [2]  Identify  two  potential  causes  of  back  pain  in 
helicopter  pilots:  the  posture  of  the  pilot  in  the  cock-pit  and  the  vibration  of  the 
helicopter.  Most  investigators  agree  on  the  importance  of  one  or  the  other  of  these 
causes.  Whether  posture  or  vibration  alone  can  be  considered  as  the  major  cause  is  not 
yet  answered,  and  the  relative  importance  of  these  causes  will  be  an  important  topic 
for  discussion  at  this  meeting. 

Three  important  aspects  of  the  posture  of  a  helicopter  pilot  appear  to  be 
principal  factors  in  the  genesis  of  low-back  pain.  They  are: 

a.  the  "helicopter  hunch",  the  forward-leaning  posture  required  in 
order  to  place  the  right  elbow  on  the  thigh  for  precise  positioning 
of  the  cyclic  control  stick; 

b.  a  twisting  or  bending  of  the  trunk  in  order  to  reach  the  collective 
lever  (this  may  be  unnecessary  for  some  pilots  in  some  helicopters); 
and 

c.  the  fact  that  all  four  limbs  are  engaged  in  the  control  task,  per¬ 
mitting  no  change  of  the  posture  during  the  period  when  the  pilot  is 
in  actual  control  of  the  aircraft. 

Other  factors  identified  as  contributing  to  discomfort  and  pain  are,  the  requirement 
to  extend  the  neck  for  normal  forward  viewing  while  holding  the  "hunched"  posture, 
stresses  from  backpacks  or  seat  restraint  systems  on  the  upper  back,  thermal  stresses 
(particularly,  exposure  to  cold  drafts  [7,55])  and  the  natural  tension  created  by 
involvement  in  a  difficult  task. 

Individual  seat  and  control  designs  can  aggravate  the  postural  stress.  In 
particular,  seats  without  adequate  lumbar  support  and  cockpits  without  adequate  head 
clearance  [56]  can  prevent  the  pilot  from  assuming  a  relaxed  posture  even  when  control 
is  passed  over  to  the  co-pilot. 

It  is  important  to  note  that  each  of  the  above-named  postural  causes  of  discom¬ 
fort  is  associated  with  increased  activity  in  major  muscle  groups  in  the  trunk. 

The  increase  in  muscular  activity  the  erector  splnae  muscles  of  a  person  who 
leans  forward  while  sitting  is  well  documented  [32,37].  Similarly ,  the  maintenance  of 
a  twisted  or  leaning  posture  has  been  shown  to  require  extra  muscular  activity  in  the 
lower  back  [ 28  ,57 ]  . 

The  fact  that  the  pilot  cannot  easily  change  his  position  while  he  is  in  con¬ 
trol  of  the  aircraft  implies  that  the  stress  on  postural  muscles  is  often  maintained 
for  longer  periods  than  is  desirable.  The  pressure  caused  by  muscular  action  and  the 
pressure  on  the  back  and  buttocks  from  the  seat  impair  blood  flow  and  accelerate  the 
development  of  fatigue. 

Troup  [58]  has  noted  that  the  psoas  muscle  which  originates  in  the  lumbar 
spine,  is  used  by  truck  drivers  every  time  they  lift  a  foot  from  a  pedal.  Thus,  con¬ 
tinuous  activity  of  the  feet  on  the  pedals  may  require  continuous  activity  of  the 
psoas  muscle,  and  consequent  fatigue.  Helicopter  pilots  should  be  at  least  as  vulner¬ 
able  to  this  effect  as  truck  drivers. 

The  development  of  muscle  fatigue  in  the  back  muscles  will  be  accelerated  if 
the  pilot  is  exposed  to  a  high  workload.  Activity  of  back  muscles  increases  during 
concentration  at  work  [59]  and  has,  in  itself,  been  used  as  a  measure  of  workload- 
induced  stress  [60]. 

Whole-body  vibration  has  been  understood  to  be  a  source  of  discomfort  for  many 
years.  The  vibration  of  helicopter  cockpits  has  been  identified  by  some  authors, 
including  Delahaye  and  his  colleagues  [2],  as  a  significant  factor  in  the  genesis  of 
pilot  back  pain.  The  International  Organization  for  Standardization  Guide  for  the 


24-5 


evaluation  of  human  exposure  to  vibration  (ISO-2631)  [61]  includes  a  "fatigue- 
decreased  proficiency”  boundary  to  tolerable  vibration  limits.  The  "fatigue-decreased 
proficiency”  boundary  was  considered  by  those  drafting  the  guide  to  be  the  intensity 
of  vibration  above  which  the  preservation  of  working  efficiency  would  be  threatened 
[61].  Although  this  limit  is  the  subject  of  some  controversy,  there  is  some  evidence 
that  muscular  fatigue  increases  with  vibration  exposure  [62]. 

Several  authors  have  studied  the  response  of  the  back  muscles  to  vertical 
whole-body  vibration,  and  have  shown  that  there  is  activity  in  these  muscles  which  is 
in  step  with  the  applied  vibration  at  lower  frequencies  [63-65].  This  activity  could 
be  the  response  of  the  stretch  reflex  to  changes  in  body  geometry  caused  by  the 
different  response  of  the  pelvis  and  upper  torso  to  the  applied  forces.  Recent  results 
from  Bluthner  £t  jil.  [66]  suggest  that  this  response  may  not  be  effective  in  attenu¬ 
ating  vibration.  In  any  case,  the  activity  must  contribute  to  fatigue. 

In  addition  to  the  direct  response  to  vibration,  there  is  also  the  possibility 
that  the  human  subject  may  use  his  muscles  to  stiffen  his  torso  against  the  effects  of 
vertical  vibration.  Griffin  [67]  explored  this  phenomenon,  and  found  that  a  subject 
would  naturally  adjust  his  position  and  muscle  tone  in  order  to  shift  the  resonant 
frequency  of  the  body  away  from  the  frequency  of  the  applied  vibration.  Vibration  may 
also  discourage  the  use  of  a  seat  back  as  a  support  for  the  body,  since,  as  Rowlands 
[68]  discovered,  the  seat  back  can  affect  the  transmission  of  vibration  to  the  head. 
These  separate  observations  suggest  that  vibration  exposure  (and  possibly  exposure  to 
the  vibration  of  helicopters)  increases  the  activity  in  the  muscles  of  the  back. 
Whether  this  is  sufficient  to  cause  fatigue,  has  not  yet  been  answered  in  the  litera¬ 
ture  . 


All  of  this  evidence  indicates  that  the  pilot  of  a  helicopter  is  likely  to  show 
continuous  activity  in  the  muscles  of  his  back  as  a  consequence  of  the  various 
stresses  induced  by  the  task  and  the  cockpit  environment.  This  activity  will  be  sus¬ 
tained  at  least  for  the  time  that  he  is  in  control  of  the  aircraft,  and  may  persist 
for  the  duration  of  a  flight.  It  will  be  accompanied  by  impairment  of  circulation  from 
the  external  pressure  of  the  seat  and  restraints,  and  possibly  by  local  cooling  of  the 
muscle  by  cold  drafts.  All  this  should  lead  to  a  painful  ischaemic  fatigue,  from  which 
the  muscles  would,  as  Jones  [14]  noted,  take  hours  to  recover.  Whether  this  is  the 
cause  of  the  helicopter  pilot's  back  pain  is  now  a  matter  of  speculation.  There  is 
clearly  an  opportunity  to  study  the  posture  and  behaviour  of  the  helicopter  pilot  with 
the  same  methods  that  have  been  applied  to  industrial  workers  who  suffer  from  postural 
fatigue  as  a  result  of  their  workplace. 

postural  Fatigue  and  Chronic  Back  Pain 

Many  authors  have  noted  the  epidemiological  connections  between  occupations 
which  demand  awkward  postures  and  chronic  backache  [8,58,69-74].  In  the  case  of 
vehicle  drivers  and  pilots,  the  effects  of  awkward  posture  are  often  complicated  by 
the  effects  of  vehicle  vibration,  which,  as  described  above,  may  contribute  to 
fatigue. 


There  are  various  hypotheses  concerning  the  role  of  vibration  and  posture  in 
the  genesis  of  chronic  back  pain.  The  effects  of  mechanical  loads  have  been  reviewed 
by  Sandover  [75,76],  who  suggests  that  the  stresses  on  the  intervertebral  discs  and 
end-plates  may  cause  local  fatigue  (in  the  engineering  sense  of  the  word)  or  impair 
the  nutrition  of  the  discs  through  the  end-plates.  In  addition,  the  intervertebral 
disc  loses  height  when  exposed  to  compressive  stress  [77],  particularly  when  vibration 
is  superimposed  on  it.  The  bending  postures  which  increase  the  muscular  activity  of 
the  erector  spinae  muscles  also  increase  the  pressures  in  the  intervertebral  discs  by 
proportionate  amounts,  so  that  the  possibility  of  impaired  nutrition  or  fatigue 
failure  is  increased.  It  is  possible  that  these  are  the  causes  of  the  changes  which 
are  felt  as  chronic  backache,  however,  it  is  difficult  to  test  this  hypothesis  experi¬ 
mental  ly . 

On  the  other  hand,  some  investigators  have  suggested  that  there  is  a  component 
of  chronic  back  pain  which  is  related  to  muscle  function  and  muscle  fatigue.  Floyd  and 
Silver  [26],  in  their  early  electromyographic  studies  noted  that  patients  with  back 
pain  showed  no  reduction  in  EMG  activity  in  the  lumbar  erector  spinae  muscles  during 
extreme  forward  bends,  but  healthy  subjects  did.  De  Vries  [ 78 ] ,  Troup  and  Chapman 
[79],  and  Jayaslnghe  [80]  have  sought  evidence  of  increased  fatiguabil ity  in  the 
erector  spinae  muscle  of  patients  with  back  pain.  Suzuki  and  Endo  [81]  have  found  that 
patients  with  lowback  pain  are  weaker  in  tests  of  maximal  lumbar  flexion  and  extension 
force  than  controls.  However,  this  may  be  the  consequence  of  a  reflex  response  to  back 
pain  rather  than  a  cause  of  the  pain. 

Another  occupational  risk  factor  for  back  pain  and  related  diseases  is  heavy 
physical  work  [82-84].  Lifting,  pushing  and  pulling  often  impose  the  largest  stresses 
on  the  muscles  as  well  as  the  intervertebral  disks  and  these  activities  are  often 
associated  with  sudden  attacks  of  low  back  pain.  It  is  possible  that  drivers  and 
others  who  are  exposed  to  postural  fatigue  of  the  back  muscles  may  become  more  vulner¬ 
able  to  severe  Injury  from  lifting  because  of  the  weakening  effect  of  their  fatigue, 
which  may  last  for  several  hours  after  the  fatiguing  posture  is  relieved. 


Conclusions 


It  may  never  be  possible  to  completely  understand  the  mechanisms  whereby  the 
postural  constraints  and  vibration  of  the  helicopter  cockpit  can  induce  either  the 
temporary  back  pain  associated  with  actual  flight  duty,  or  chronic  back  pain  in  the 
helicopter  pilot.  It  appears  inevitable  that  forces  transmitted  through  the  body  will 
be  shared  by  muscles  as  well  as  ligaments  and  Joints.  Therefore,  all  of  these  organs 
will  show  the  effects  of  chronic  exposure  to  stress.  Similarly,  the  activity  of  pos¬ 
tural  muscles,  whatever  causes  it,  will  impose  additional  stresses  on  tendons  and 
joints . 


The  intent  of  this  article  was  to  focus  attention  on  muscle  fatigue  as  a  cause 
of  helicopter  pilot  back  pain.  The  most  prevalent  form  of  back  pain  among  helicopter 
aircrew  is  a  temporary  pain  which  is  brought  about  by  actual  flight  duty  and  relieved 
by  rest  afterwards.  This  resembles,  at  least  in  its  time  course,  the  effects  of  muscu¬ 
lar  fatigue.  There  is  indirect  evidence  that  the  back  muscles  of  an  active  helicopter 
pilot  must  be  more  active  than  normal  and  that  they  may  also  suffer  from  impaired  cir¬ 
culation.  Thus,  it  is  possible  that  flight  duty  can  bring  on  this  localized  fatigue. 

This  argument  does  require  further  research,  if  it  is  to  be  supported  or 
refuted.  Quantitative  studies  of  the  posture  and  activities  of  pilots  in  flight  should 
be  made  in  order  to  determine  how  much  activity  is  produced  in  the  muscles  of  the 
lower  back  and  how  much  fatigue  is  produced  by  this  activity.  It  is  possible  to  do 
this  using  electromyography,  and  Pope  and  his  colleagues  [65,85]  have  approached  this 
in  their  studies  on  vibration.  The  pressure  within  the  muscles  and  the  effective  blood 
flow  might  also  be  measured. 

How  does  the  concept  of  postural  fatigue  affect  those  involved  in  designing 
helicopters  and  planning  the  use  of  helicopters  in  combat  and  other  military  opera¬ 
tions?  There  is  now  an  intense  research  and  development  effort  directed  towards  making 
helicopters  (and  other  aircraft)  easier  to  fly  in  complex  operational  situations. 
Stability-augmentation  systems  eliminate  much  of  the  work  required  for  simple  attitude 
control.  The  workload  can  be  further  reduced  by  improved  controls  and  displays.  Ergo¬ 
nomists  have  defined  better  criteria  for  the  positions  of  the  cyclic  and  collective 
controls  [86] . 

A  more  radical  approach  to  helicopter  controls  is  being  pursued  by  authorities 
in  the  United  States  and  Canada,  where  multi-axis  side-arm  control  designs  are  being 
flight  tested  in  experimental  helicopters  [87-89].  Preliminary  studies  of  these 
controls  Indicate  that  the  associated  arm  rest,  and  the  Improved  back  posture,  lead  to 
a  great  reduction  in  the  back  pain  induced  by  actual  flight  (J.  M.  Morgan,  personal 
communication) . 

At  the  same  time,  helicopter  vibration  reduction  has  been  an  important  goal  in 
new  aircraft  designs  [90,91].  Vibration-attenuating  seats  and  cushions  are  also  being 
developed,  in  order  to  improve  the  comfort  of  those  pilots  who  must  contend  with  the 
current  helicopters  of  our  armed  services  [92,93]. 

In  addition,  new  seat  designs,  or  modifications  to  existing  seats,  are  being 
proposed  for  many  helicopters  in  order  to  improve  the  lumbar  support  offered  by  the 
seat  and  the  comfort  of  the  seat  pan  [7,94]. 

The  cumulative  effect  of  these  improvements  may  be  that  the  incidence  of  back 
pain  associated  with  helicopter  flight  duty  may  be  reduced,  or  that  the  permissible 
flight  duty  periods  may  be  extended.  However,  design  engineers,  who  have  to  work  with 
the  constrants  of  crashworthiness,  restraint  for  the  pilot,  reduction  in  weight  and 
other  limitations,  may  be  tempted  to  choose  a  single  "ideal"  posture  for  the  pilot  of 
a  future  helicopter,  and  suit  their  designs  to  this  one  position.  In  doing  this  they 
may  fail  to  allow  any  changes  in  posture  during  flight,  whether  or  not  the  aircrew 
member  is  in  actual  control  of  the  aircraft. 

Studies  of  postural  fatigue  and  seated  posture  have  emphasised  the  importance 
of  regular  changes  in  the  seated  posture  during  the  time  that  an  individual  is  seated 
[95,96].  It  is  not  unrealistic  to  state  that  even  the  most  comfortable  seat  may  become 
a  "torture-chamber"  if  one  is  forced  to  occupy  it  in  a  fixed  position  for  an  extended 
period.  Pressure,  whether  from  surfaces  external  to  the  body  or  from  active  muscles, 
must  be  relieved  periodically,  or  the  impairment  of  blood  flow  will  lead  to  fatigue 
and  pain. 

One  can  see  the  potential  for  postural  fatigue  in  proposals  for  "heads-up" 
displays  or  visual  pointing  systems  for  weapons  control  which  demand  a  fixed  eye-point 
tor  the  pilot.  Similarly,  those  who  propose  that  the  Improved  controls  and  seating  of 
future  helicopters  will  permit  them  to  be  flown  by  a  single  pilot  [97],  will  have  to 
consider  the  likelihood  of  postural  fatigue,  even  in  the  most  advanced  cockpit. 

However,  if  it  is  indeed  true  that  the  pain  of  muscle  fatigue  is  a  limiting 
factor  in  helicopter  operations,  there  is  the  hope  that  a  quantitative  understanding 
of  the  process  of  fatigue  and  the  need  of  muscles  for  rest  will  lead  to  prescriptions 
for  work  schedules  which  will  make  the  maximum  effective  use  of  a  helicopter  pilot's 
abilities. 
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Summary 

Tn  order  to  perform  an  objective  assessment  of  muscle  fatigue  in  a  UH-1-H  cockpit  seating 
environment,  instrumentation  was  developed  to  sense  and  use  as  an  outcome  measure  the  shift  in  the 
center  frequency  of  the  EMC  spectrum  of  the  dorsal  lumbar  musculature.  Subjective  assessment  of 
fatigue  was  accomplished  by  means  of  a  visual  analog  scale  indicating  discomfort  as  a  function  of  duration 
of  exposure  to  the  seated  environment.  Twenty  subjects  (10  male  and  10  female)  were  exposed  to  the 
same  seating  environment  (in  terms  of  both  static  posture  and  vibration  exposure)  as  that  experienced 
by  the  UH-1-H  helicopter  pilot.  The  vibration  environment  of  a  UH-1-H  helicopter  was  recorded  and 
reproduced  using  a  servohydraulic  vibration  simulator.  Each  exposure  lasted  two  hours. 

Marginally  significant  fatigue,  as  measured  by  the  center  frequency  shift  method,  occurred  only  as 
a  result  of  the  sustained  static  posture.  In  contrast,  all  exposures  to  this  seating  environment,  in  both 
static  and  vibration  modes,  produced  significant  subjective  discomfort  in  both  the  buttocks  and  lower 
back.  Thus,  the  predominant  cause  of  back  discomfort  and  fatigue  in  this  instance  appears  to  be  the 
UH-1-H  specific  seated  posture  rather  than  the  UH-1-H  specific  vibrational  environment. 


Introduction 

the  human  spine  is  a  complex  mechanical  structure  which  performs  the  dual  task  of  motion 
production  and  load  bearing.  Since  the  bony  spine  is  supported  and  moved  by  its  surrounding  muscular 
and  ligamentous  tissue,  changes  in  their  mechanical  capacities  could  adversely  affect  the  function  of  this 
system.  Of  great  interest,  then,  is  the  response  of  the  tissues  to  mechanically  damaging  environments. 
It  is  known  from  the  work  of  Weisman,  Pope  and  Johnson  (1980)  that  repeated  loading  of  ligaments  in  the 
knee  makes  the  ligament  mechanically  softer  (less  stiff)  and  decreases  its  ultimate  strength.  Since  it  is 
difficult  to  measure  changes  of  mechanical  strength  in  lumbar  ligamentous  elements  directly,  monitoring 
behavior  or  strength  changes  in  muscle  would  be  very  useful. 

U.S.  Army  operational  needs  Include  minimizing  low  back  pain  production  in  UH-l-H  helicopter 
pilots  (Shanahan  and  Reading,  1984).  Severe,  acute  and  sometimes  debilitating  backaches  have  been 
reported  by  pilots  of  two-bladed  helicopters.  Vibration  is  probably  a  major  contributor  to  the  problem, 
but  a  lack  of  information  on  muscular  tolerance  to  vibration  and  the  role  of  vibration  in  fatigue  makes  a 
solution  through  appropriate  equipment  design  exceedingly  difficult.  Chronic  back  ailments  in 
aircrewmen  having  several  thousand  hours  of  flight  experience  deplete  the  aviation  manpower  resource 
and  reduce  its  effectiveness.  The  cause  of  the  ailments  is  thought  to  be  vibration-induced  damage  to 
the  spine.  Data  on  joint  morphology  resuiting  from  long-term  exposure  to  vibration  do  not  exist,  yet 
are  essential  for  establishing  standards  by  which  hazardous  conditions  might  be  limited.  Vibration  plays 
a  significant  role  in  the  effectiveness  of  personnel  in  sophisticated  systems,  yet  there  is  insufficient 
information  to  account  adequately  for  human  response  In  the  design  of  such  systems.  Vibration  is  also 
known  to  affect  health  adversely.  However,  standards  to  not  exist  which  relate  vibration  exposure  in 
the  military-unique  envronment  to  these  known  hazards. 

The  present  study  was  undertaken  to  develop  methods  for  describing,  objectively  and  subjectively, 
fatigue  in  the  lower  back  and  buttocks  of  subjects  In  a  UH-1-H  flight  environment.  To  assess  the 
effects  of  vibration  in  the  Army  rotary  wing  aviator,  biomechanical  data  were  gathered  in  order  to 
address  the  following  hypotheses: 

(1)  The  biomechanical  effects  of  helicopter  vibration  would  be 

significantly  modified  by  the  posture  of  the  aviator,  as  well  as  the  layout  of  the  controls,  the 
cockpit,  and  the  seat  design. 

(2)  The  effects  of  these  vibrations  would  be  sufficient  to  cause  soft  and  hard  tissue  stress  and 
subsequent  injury. 

Two  test  methods  were  used  for  these  evaluations:  (1)  the  shift  of  the  center  frequency  of  the 
spectrum  of  the  lumbar  musculature  electromyography  signal  and  (2)  the  subjects'  subjective  assessment 
of  their  discomfort  in  the  lower  back  and  buttocks  by  means  of  a  visual  analog  scale. 


Materials  and  Methods 

Fatigue  assessment  via  electromyographic  activity .  Shanahan  and  Reading  (1984)  have  suggested 
that  the  problem  of  low  Back  pain  and  discomfort  reported  by  helicopter  pilots  stems  from  the  necessity 
for  pilots  to  assume  slumped  and  asymmetric  postures  for  extended  periods  of  time  with  little  chance  to 
change  their  positions  significantly.  They  have  also  suggested  that  this  probably  leads  to  spasm  of 
paraspinal  musculature  and  Increased  sensitivity  of  the  buttocks. 

In  order  to  determine  whether  muscle  electrical  activity  changes  could  indicate  fatigue  of  the 
muscles,  it  was  necessary  to  perform  an  initial  study  on  a  group  of  subjects  who  had  no  history  of  back 
pain.  The  experiments  performed  sought  to  find  a  change  in  the  muscle  response  due  to  the  sustained 
posture  and  vibration  environment.  Because  a  feature  of  muscle  contraction  is  the  production  of  a 
complex  electrical  signal  arising  from  the  summation  of  asynchronously  firing  muscle  motor  units,  the 
muscle  electrical  activity  or  EMC  signal  can  be  monitored  using  surface  or  wire  electrodes.  In  order  to 
evaluate  the  complex  EMC  signal,  a  technique  called  spectral  analysis  was  used  to  decompose  the  signal 
into  Its  simpler  components.  Hence  we  were  able  to  measure  muscle  electrical  activity  changes  In  a 
group  of  people  exposed  to  this  environment. 

The  subjects'  lumbar  electromyographic  signals  were  picked  up  by  means  of  bipolar  surface 
electrodes  placed  at  the  L3  level  approximately  3  cm  lateral  to  the  midline  of  the  back  2.5  cm  apart 
vertically  and  the  silver-sliver  chloride  electrodes  12.5  mm  in  diameter  JJr»  Vivo  Metric  Systems)  were 


filled  with  a  conductive  gel  that  interfaced  with  the  skin.  The  application  site  was  lightly  sanded  and 
prepared  with  a  skin  conditioner  ("Skin  Cleaner,"  Jn  Vivo  Metric  Systems  item  #E403)  to  maximize 
adhesion  and  conductivity.  Because  of  variable  torso  sizes,  it  was  felt  that  the  protocol  of  Andersson, 
Jonsson  and  Ortengren  (1974),  that  of  placing  the  electrodes  a  set  distance  from  midline,  was 
inappropriate.  Our  modified  technique  of  placing  electrodes  on  the  belly  of  the  erector  splnae  muscle 
determined  by  palpation  ensured  a  placement  for  maximum  EMC  signal  amplitude,  interelectrode 
resistances  were  measured  and  ensured  to  be  less  than  5,000  ohms.  Four  channels  of  data  were 
recorded  (Figure  1)  on  a  TEAC  FM  data  recorder:  left  and  right  erector  spinae  EMC  activity,  RMS  value 
of  right  EMC,  and  force  as  indicated  by  a  load  cell  attached  to  a  chest  harness. 

Since  a  correlation  had  been  found  between  muscle  force  production  and  EMC  activity  (Andersson, 
Ortengren  and  Schultz,  1980),  the  next  step  was  to  evaluate  the  fatigue  of  the  muscle  via  spectral 
analysis  of  the  EMC  signal.  Previous  workers  (Lindstrom,  Kadefors  and  Petersen,  1977;  Lindstrom, 
Magnusson  and  Petersen,  1970;  Lloyd,  1971;  Petrofsky,  1980;  Petrofsky,  Dahms  and  Lind,  1975;  Viitasalo 
and  Komi,  1977)  have  shown  that  there  is  a  change  in  muscle  firing  frequency  before  and  after  exertion. 
A  spectrum  analyzer  was  used  to  determine  the  shift  of  the  center  frequency  of  the  EMC  power  spectrum 
density  function  (PSDF). 

Twenty  subjects  were  evaluated  for  their  force  versus  EMC  activity.  Each  subject  was  tested  on 
each  day  over  a  six-day  period.  The  first  day  of  testing  was  a  day  of  training  for  the  subject  to 
become  acclimated  to  the  test.  Generally,  the  testing  on  each  day  consisted  of  monitoring  the  subject's 
EMC  activity  and  force  production  during  a  maximum  or  percentage  of  maximum  voluntary  contraction 
(MVC).  Subjects  were  seated  (Figure  2)  in  a  UH-1-H  seat  while  wearing  a  seat  belt  and  maintaining  a 
femur-to-back  angle  of  70-80°.  A  chest  harness  was  worn  which  transmitted  horizontal  forces  from  the 
torso  to  a  vertical  support.  The  force  exerted  was  monitored  by  a  load  cell  and  displayed  on  a  digital 
read-out  so  that  the  subject  could  see  his  force  level  and  maintain  a  steady  contraction.  Prior  to  each 
day's  fatigue  test,  three  MVC  efforts  were  performed  in  order  to  select  the  maximum  as  the  100%  MVC. 
Subjects  also  held,  for  a  few  seconds,  various  percentages  of  their  MVC  (80,  60.  45,  37.5,  30). 

Erector  spinae  muscle  EMC  activity  was  monitored  before  and  after  isometric  extension  tests. 
Typical  EMC  amplitude  versus  time  signals  are  shown  in  Figures  3  and  4.  Note  that  the  "before"  signal 
seems  to  be  much  more  compressed,  indicating  a  higher  frequency  than  the  "after"  signal.  Using  the 
Wavetek/ Rockland  model  #5820A  spectrum  analyzer,  one  can  see  in  the  power  spectra  (Figures  5  and  6) 
for  these  signals  that  there  has  indeed  been  a  decreased  signal  from  a  higher  to  a  lower  frequency.  It 
was  this  phenomenon  of  a  decrease  in  the  frequency  of  the  EMC  signal  that  was  used  to  monitor  muscle 
fatigue.  Since  the  spectrum  analyzer  could  communicate  with  the  DEC  1123  minicomputer,  an  algorithm 
was  written  to  compute  the  center  frequency  of  the  spectrum  analyzed  between  one  and  two  hundred 
Hertz.  This  is  a  single-number  evaluation  of  the  EMC  spectrum,  essentially  the  frequency  at  which  the 
centroid  of  the  plot  area  occurs. 

Fatigue  tests  were  conducted  at  one  per  day  at  either  80,  60,  45,  37.5,  or  30  percent  of  the 
subject's  initial  Maximum  Voluntary  Contraction  for  that  day.  A  constant  force  was  held  until  exhaustion 
or  until  pain  interrupted  their  isometric  contraction  (Figure  7).  In  summary,  the  following  protocol  was 
used: 

Protocol:  3  maximum  voluntary  contractions  (3  seconds) 

80%  MVC  5  seconds 

60%  MVC  5  seconds 

45%  MVC  5  seconds 

37.5%  MVC  5  seconds 
30%  MVC  5  seconds 

All  held  for  5  seconds,  with  a  2-mlnute  rest  between 

10-minute  rest 

Fatigue  test  to  exhaustion  -  at  one  of  the  %MVC 

Analysis  of  the  EMC  signal's  spectral  activity  was  determined  over  a  6-second  period  at  the 
beginning  and  end  of  each  fatiguing  test.  Using  the  index  counter  on  a  tape  recorder  and  observing 
recorded  EMC  signals  on  an  oscilloscope  ensured  that  sampling  occurred  at  the  beginning  and  end  of  the 
test  period. 

Figures  8  through  11  show  the  results  of  the  decrease  in  center  frequency  for  the  group  of  20 
subjects.  Statistics  were  compiled  for  individual  groups  (males  and  females)  for  both  left  and  right  EMC 
center  frequency  decreases. 

For  all  fatigue  tests,  center  frequency  decreased  from  the  beginning  to  the  end  of  the  test. 
Comparisons  were  made  between  sides  for  the  same  sex  and  between  sexes  for  the  same  side.  The  only 
significant  difference  (Figure  12)  in  changes  occurred  between  sexes  on  each  side  at  the  30%  MVC  level, 
where  the  females  decreased  in  activity  significantly  less.  The  significance  of  this  study  derives  from 
the  demonstration  that  there  is  no  difference  in  these  changes  either  between  sexes  for  the  same  side  or 
between  sides  for  the  same  sex  except  at  the  30%  MVC  level. 

Protocol  of  Static  UH-1-H  Cockpit  Seating  Tests.  Subjects  were  seated  in  the  UH-1-H  seat  and 
adjustments  were  made  in  seat  height  and  distance  to  pedals  In  order  to  conform  to  the  standard  flight 
position  of  pilots.  After  placement  of  electrodes  on  the  back,  EMC  signals  were  monitored  to  observe 
their  amplitude  and  gains  were  adjusted  to  display  an  amplitude  suitable  for  recording.  Subjects  were 
instructed  In  how  to  grasp  the  cyclic  and  collective  and  were  told  that  they  could  remove  the  left  hand 
from  the  collective  for  one  minute  every  half  hour.  Instrumented  into  the  cyclic  were  the  controls  for 
an  Atari  video  game,  which  subjects  were  instructed  to  use  in  order  to  concentrate  on  a  "mission." 

One  maximum  voluntary  contraction  was  performed  to  establish  a  60%  MVC  contraction  level  to  be 
used  prior  to  and  at  the  and  of  the  two-hour  seating  test.  The  chest  harness  used  for  horizontal 
loading  was  the  same  as  that  used  In  the  isometric  fatigue  study.  It  was  removed  during  the  two-hour 
seating  test.  The  two-hour  test  period  began  when  initial  EMC  signals  were  recorded  (time  =  0). 
Recordings  were  then  made  every  15  minutes  for  a  total  of  nine  samples.  Also  recorded  was  the  time  of 
onset  of  discomfort  and  level  of  discomfort  at  onset  and  at  15-minute  periods  following,  using  the  visual 
analog  scale  (VAS)  technique  (Aitken,  1969).  At  the  conclusion  of  two  hours,  the  harness  was  reapplied 
and  the  60%  MVC  was  held  to  fatigue. 


25-3 


Protocol :  Maximum  Voluntary  Contraction  (MVC)  -  60%  MVC  for  5  seconds 
Sample  EMC  -  time:  0,  IS,  30,  45,  60,  75.  90.  105,  120  (minutes) 
Record  onset  of  discomfort  and  intensity  of  discomfort 
60%  MVC  to  fatigue 


Vibration  Seating  Tests  In  the  UH-1-H  Cockpit.  Twenty  subjects  were  tested  for  a  two-hour  period 
on  three'  different  days  In  each  mode  of  uni-axial  vibration  (up-down,  fore-aft,  side-to-side;  Figure  13). 
EMC  activity  was  recorded  from  the  left  erector  spinae  musculature  and  acceleration  data  were  recorded 
from  a  bite  bar  accelerometer  located  on  the  mouthpiece  and  an  accelerometer  mounted  on  the  actuator 
piston  driving  the  seating  system. 

The  protocol  described  for  the  static  seating  tests  was  followed  throughout  the  two-hour  vibration 
seating  tests.  Subjects  were  seated  in  the  UH-1-H  seat  and  adjustments  were  made  to  the  seat  height 
and  distance  to  foot  pedals  to  conform  to  the  standard  flight  position  of  pilots.  Subjects  were  instructed 
in  how  to  grasp  the  cyclic  and  collective  and  were  told  that  removal  of  the  left  hand  from  the  collective 
was  allowed  for  one  minute  every  half  hour.  Subjects  were  instructed  in  the  operation  of  the  cyclic 

which  had  been  instrumented  to  control  the  Atari  video  computer. 

Prior  to  vibrating,  a  maximum  voluntary  contraction  (MVC)  was  performed  to  establish  a  60%  MVC 
level  to  be  used  prior  to  and  at  the  end  of  the  two-hour  tests.  The  chest  harness  was  put  on  for  the 
initial  60%  MVC  loading,  removed  during  the  two  hours  of  vibration  and  reapplied  for  the  final  60%  MVC 

test.  Four  channels  of  data  were  recorded  during  the  test:  two  channels  of  acceleration  (bite  bar  and 

actuator),  left  erector  spinae  activity  and  reaction  force  at  the  actuator  interface.  Approximately  every 
15  minutes,  data  were  sampled  for  a  total  of  nine  samples  over  each  two-hour  period.  The  accelerometer 
bite  bar  was  inserted  into  the  subject's  mouth  at  15-mlnute  intervals  to  avoid  fatigue  of  the  mandible. 
Also  recorded  was  the  time  of  onset  of  discomfort  and  the  initial  level  of  discomfort,  as  indicated  by  the 
subject  on  a  visual  analog  scale  (VAS).  Remaining  15-minute  time  periods  were  monitored  for  changes  in 
intensity  of  discomfort  on  the  VAS. 

Vibration  Protocol: 

MVC,  pause,  then  60°  MVC  for  5  seconds 
Start  two-hour  vibration  exposure 
Sample  EMC,  force  and  acceleration  signals 

(time:  0,  IS.  30,  45.  60,  7S.  100,  120  (minutes)) 

Record  onset  of  ^comfort  and  intensity  of  discomfort  via  VAS 
60%  MVC  for  5  seconds 


The  vibration  flight  protocol  consisted  of  two  hours'  exposure  to  each  axis  of  vibration  as  recorded 
in  the  UH-1-H  by  the  U.  S.  Army  Aeromedical  Research  Lab.  At  least  two  weeks  were  allowed  between 
testing  each  axis  of  vibration.  The  two  hours  of  vibration  consisted  of  four  take-offs  and  landings  with 
each  "flight"  lasting  30  minutes. 

Vibration  "Flight"  Protocol: 

0-1  ir it  utes  Engine  running 

1 - 2  Hover 

2- 4  Hover  at  100  knots 

4-26  Cruise  at  100  knots 

26-28  100  knots  to  hover 

28- 29  Hover 

29- 30  Engine  running 


Results 

TF  was  not  possible  to  discern  a  difference  in  the  EMC  data  obtained  during  the  vibration  tests  from 
noise  in  the  system.  Hence  these  data  could  not  be  used  as  an  index  of  fatigue. 

However,  there  were  differences  in  the  EMC  center  frequency  of  the  EMC  signal  when  comparing 
the  lumbar  musculature's  pre-test  activity  to  Its  post-test  activity  during  a  60%  maximum  voluntary 
contraction  effort  (Figures  14  through  16).  The  only  marginally  significant  (p<  .07)  difference  (with 
respect  to  initial  activity),  however,  occurred  in  males  (Figure  14)  maintaining  the  static  posture  typical 
of  the  UH-1-H  pilot.  As  can  be  seen,  the  percent  change  in  EMC  spectrum  center  frequency  was 
greater  than  that  due  to  any  of  the  vibration  exposures.  The  only  marginally  significant  (p  <  .07) 
difference  was  between  the  static  posture  and  the  up  and  down  vibration  in  the  males  (Figure  14). 

The  subjective  discomfort  response  of  all  subjects  to  two-hour  exposure  to  static  posture  or  seated 
vibration  (Figures  17  and  18)  was  both  increasing  with  time  and  highly  significant.  When  comparing 
changes,  either  within  or  between  sexes  (Figures  19  and  20),  the  only  significant  differences  in  the 
changes  were  in  the  males  (Figure  19),  comparing  discomfort  due  to  static  posture  with  discomfort  due  to 
up  and  down  vibration  (p  <  .05)  and  side-to-side  vibration  (p  <  .025).  Except  when  compared  with 
discomfort  in  females  due  to  fore-aft  vibration,  the  static  posture  always  created  more  discomfort. 

Discussion 

In  reviewing  the  objective  and  subjective  variables  Involved  in  fatigue  and  discomfort  responses  to 
the  sustained  static  and  vibrating  UH-1-H  specific  seating  environment,  it  Is  apparent  that  the  posture 
maintained  is  the  more  significant  factor.  It  must  be  kept  in  mind  that  the  subject/pilot  is  slumped 
forward,  a  posture  in  which  the  back  Is  not  well  supported  by  the  back  of  the  seat.  In  addition,  the 
UH-1-H  vibration  frequency  is  approximately  two  times  greater  than  the  upright  seated  operator's 
vertical  natural  frequency  and  approximately  seven  to  ten  times  that  of  the  fore-aft  and  slde-to-side 
natural  frequencies  (ISO,  1978).  The  mismatch  of  driving  to  natural  frequencies  may  be  another  reason 
for  the  lack  of  effect  of  the  vibration. 

Onset  of  discomfort  occurred  sooner  in  this  study  than  did  onset  of  pain  in  the  study  by  Shanahan 
and  Reading  (1984).  Levels  of  discomfort  for  males  were  comparable  to  the  Shanahan  and  Reeding  study 
in  up-and-down  and  side-to-side  vibration.  The  males  in  this  study  exhibited  greater  discomfort  than 
those  in  the  Shanahan  and  Reading  study  In  fore-aft  vibration  and  static  sitting. 
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According  to  Keegan  (1953),  as  one  sits,  the  lumbar  curve  flattens.  Schultz  et  al.  (1982)  have 
shown  significant  increases  in  intervertebral  disk  loads  with  only  slight  increases  in  load  held  in  the 
hand  (an  increase  of  flexion  moment).  The  studies  of  Schultz  et  al.  (1979)  and  Tencer  and  Ahmed 
(1981)  also  show  that  the  lumbar  motion  segment  responds  differently  when  its  facets  have  been 
removed.  Thus,  if  the  facet  joints  open  up  due  to  a  flexed  posture  (e.g.,  sitting  down),  it  is  likely 
that  more  of  the  load  and  stability  requirements  are  shifted  to  the  disk.  In  her  epidemiological  work  on 
acute  herniated  lumbar  disks,  Kelsey  (1975)  found  an  association  between  sitting  and  the  relative  risk  of 
acute  herniation  of  a  lumbar  disk.  Finally,  Andersson  et  al.  (1974;  5  studies)  have  performed  extensive 
work  studying  the  effect  of  seated  posture  on  the  lumbar  erector  spinae  muscle  activity  and  on  disc 
pressure  and  have  shown  that  a  reclined  posture  (extension)  minimizes  both. 

Conclusions 

'  Helicopter  seat  and  cockpit  design  would  benefit  from  a  more  ergonomically  oriented  design  which 

allows  good  support  for  the  pilot's  back,  since  posture  is  more  significantly  associated  with  fatigue  and 
discomfort  in  the  UH-1-H  environment. 

Military  Significance.  Low  back  pain  in  conjunction  with  vibration  exposure  is  recognized  as  a 
health  problem  in  certain  environments.  The  low  back  pain  and  discomfort  reported  by  helicopter  pilots 
.  could,  however,  be  influenced  by  posture.  Knowledge  of  this  interaction  is  critical  to  the  correct 

,  ergonomic  design  of  the  cockpit  and  thus  influences  the  layout  of  controls.  If  vibration  effects  are 

independent  of  posture,  then  the  best  approach  may  be  to  design  vibration  isolation  seats  for  the 
t  helicopter.  But,  either  piece  of  information  is  important  for  future  helicopter  design.  The  relationships 

among  posture,  vibration  and  pilot  performance  are  not  known,  but  it  is  likely  that  they  have  important 
military  significance  for  the  pilot  population. 
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Figures 


Figure  1 .  Schematic  of  the  instrumentation  set¬ 
up  used  to  monitor  the  center  frequency  shift  of 
the  erector  spinae  muscle  electromyographic 
activity  spectrum  due  to  isometric  extension 
efforts  held  to  exhaustion  (fatigue). 


Isometric  extension  effort 


Figure  2.  Side  view  of  set-up  used  to  evaluate 
fatiguing  isometric  extension  efforts  on  the 
lumbar  musculature. 


TIHE  A:  99.99MSEC/ 

SPAN:  O.OOOHZ-2<X).OOHZ  SN:1.8+00V 
FS:*2.5+OOV  6.3-01V/ 


TIHE  A:  99.99mSEC/ 

SPAN:  0 . 000HZ-200 . OOHZ  SN:1.8+00V 
FS:tZ.5+OOV  6.3-01V/ 


Figure  3.  Beginning  of  effort.  Figure  4.  End  of  effort. 

Figures  3  and  4.  Typical  erector  spinae  electromyographic  data  plotted  with  respect  to  time.  These 
data  show  the  EMC  signal  at  the  beginning  and  end  of  a  typical  lumbar  erector  spinae  isometric  extension 
effort  held  to  exhaustion. 


PWR  SPECT  A  :0.23£-02V  0.  HZ 
N:  40:|HZ  SPAN  :0.000HZ-200.  OOHZ 
SN:5.6+OOV  FS:1.1-01V  1.4-02V/ 


PWR  SPECT  A  : 1 . 06E-01 V  O.HZ 
H:  40-.1HZ  SPAN :0.00OHZ-200. OOHZ 
SN : 5 . 6+00V  FS:1.1-01V  1.4-02V/ 


Figure  5.  Beginning  of  effort. 


Figure  6.  End  of  effort. 


Figures  5  and  6.  The  frequency  components  of  typical  lumbar  erector  spinae  electromyographic  data  at 
the  beginning  and  end  of  an  isometric  extension  effort.  Note  the  shift  toward  the  lower  frequencies 
(toward  the  left)  of  the  spectrum  taken  at  the  end  of  the  Isometric  extension  effort  (Figure  6). 
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Figure  7.  Time  duration  for  which  subjects 
(male  and  female)  were  able  to  maintain  various 
proportions  of  maximum  voluntary  contraction 
extension  efforts  prior  to  exhaustion. 


Tim*  (minut**) 


Center  Frequency  vs  %  MVC  in  Female  ES 


%  MVC 

Figure  8.  Levels  of  significance  of  differences 
between  the  initial  and  final  center  frequencies 
of  the  EMC  activities  due  to  various  proportions 
of  maximum  voluntary  contraction  fatiguing  efforts. 
There  were  significant  differences  at  all  levels 
and  for  both  right  and  left  erector  spinae  muscle 
groups  In  the  females  tested. 


Center  Frequency  ve  %  MVC  in  Male  E8 


Figure  9.  Levels  of  significance  of  differences 
between  the  initial  and  final  center  frequencies 
of  the  EMC  activities  due  to  various  proportions 
of  maximum  voluntary  contraction  fatiguing  efforts. 
There  were  significant  differences  at  all  levels 
and  for  both  right  and  left  erector  spinae  muscle 
groups  in  the  males  tested. 


Figure  10.  Level  of  significance  of  differences 
in  the  EMC  spectrum  center  frequencies  due  to  sex 
for  various  levels  of  maximum  voluntary  contrac¬ 
tion  Isometric  fatiguing  efforts  In  the  right 
erector  spinae  muscle  group. 


Center  Frequency  of  Initial  Effort  of  (l)  ES 


%  MVC 

Figure  11.  Level  of  significance  of  differences 
in  the  EMC  spectrum  center  frequencies  due  to  sex 
for  various  levels  of  maximum  voluntary  contrac¬ 
tion  isometric  fatiguing  efforts  in  the  left 
erector  spinae  muscle  group. 
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Figure  12.  Comparison  between  sexes  of  the 
left  and  right  erector  spinae  fatigue  responses 
as  indicated  by  the  percent  decrease  in  center 
frequency  of  the  EMC  spectrum  as  a  function  of 
proportion  of  maximum  voluntary  contraction 
isometric  extension  fatigue  effort.  Only  at 
the  30%  MVC  level  is  there  a  significant 
difference  between  sexes. 


Exposure  Environment 


Fore-Aft, 

10.9  Hz, 

.31  (rms)  m/s 


10.7  Hz. 

1.07  (rms)  m/s^ 


Figure  13.  Main  acceleration  and  frequency 
components  of  the  UH-1-H  specific  vibration 
environment  for  each  of  three  axes. 


Effect  of  Exposure  Type  (on  males) 


Figure  IS.  Effect  of  (S)  Static  Sitting,  (FA) 
Fore-Aft,  (UD)  Up-and-Down,  ard  (SS)  Slde-to-Side 
vibration  exposures  on  males.  There  was  a  mar¬ 
ginally  significant  effect  due  to  static  sitting 
exposure  and  a  marginally  significant  difference 
between  static  sitting  and  up-and-down  vibration 
exposures.  No  other  exposures  or  differences 
were  significant. 


Effect  of  Exposure  Type  (on  females) 

Figure  15.  Effect  of  (S)  Static  Sitting,  (FA) 
Fore-Aft,  (UD)  Up-and-Down,  and  (SS)  Side-to-Side 
vibration  exposures  on  females.  There  were  no 
significant  changes  due  to  any  exposure,  nor 
were  there  any  significant  differences  between 
static  sitting  and  any  vibration  exposure. 


(*)  Jim 
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Effect  of  Exposure  Ty^e  (M  vs  F) 

Figure  16.  Effect  of  sex  (male  vs  female)  on  the 
response  to  (S)  Static  Sitting,  (FA)  Fore-Aft, 

(UD)  Up-and-Down,  and  (SS)  Side-to-Side  vibration 
exposures.  Only  males  had  a  marginally  significant 
response  to  static  sitting.  There  were  no  signi¬ 
ficant  differences  due  to  sex. 


DISCOMFORT  DURING:  2-HOUR  EXPOSURE 


DISCOMFORT 


DURING:  2-HOUR  EXPOSURE 


Figure  17.  Discomfort  increase  over  time  for 
males  exposed  to  Static  Sitting,  Fore-Aft, 
Up-and-Down,  and  Side-to-Side  vibration. 


Figure  IS.  Discomfort  increase  over  time  for 
females  exposed  to  Static  Sitting,  Fore-Aft, 
Up-and-Down,  and  Side-to-Side  vibration. 


1 


I 


* 


Figure  19.  Intensity  of  low  back  discomfort 
during  (S)  Static  sitting,  [FA)  Fore-Aft,  (UD) 
Up-and-Down,  and  (SS)  Side-to-Side  vibration 
exposures.  All  final  levels  of  discomfort  are 
significantly  different  from  the  initial 
levels.  Only  males  showed  significant  differ¬ 
ences  between  discomfort  due  to  static  sitting, 
up-and-down  and  side-to-siae  exposures. 


S  FA  UD  SS 


Figure  20.  There  were  no  significant  differ¬ 
ences  between  sexes  at  the  final  levels  of 
discomfort  for  each  exposure  type. 
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DISCUS8I0M 


BOWDEN,  CA:  Both  you  and  Shanahan  and  Reading  (Avlat.  Space  Environ.  Med.  55s  117-121,  1984)  re¬ 
port  that  an  Atari  videogame  was  used  as  a  simulated  task.  I  appreciate  the  value  that  toys  can  have 
in  scientific  research;  however,  as  I  understand  it,  the  controls  of  some  video  games  are  not  pro¬ 
portional  controls,  but  are  simply  sets  of  electrical  switches,  so  that  fine  control  may  not  be  re¬ 
quired  in  actually  carrying  out  a  task.  Can  you  say  whether  your  particular  game  was  of  this  type,  and 
could  you  consent  on  the  role  of  the  control  task  in  backache? 

WILDER,  USs  I  cannot  comment  on  the  role  of  the  control  task  in  backache;  but  our  game  was  of 
this  type,  ,  and  it  was  necessary  to  move  the  stick  to  a  certain  limit  before  creating  contact  which 
would  then  alter  the  game's  response.  The  main  reason  for  using  this  game  was  that  it  would  ensure 
that  the  head  was  pointed  forward,  looking  at  something  in  front  of  the  cockpit;  and,  also,  that  there 
was  some  task  that  the  hand  was  performing  so  that  there  would  be  at  least  some  operation  of  the  heli¬ 
copter  cyclic. 

TROUP,  UK:  On  the  whole,  I  agree  with  the  deductions  and  conclusions  that  you  drew  from  your  re¬ 
sults.  However,  there  are  a  number  of  things  about  the  use  of  EMGs  which  I  am  very  doubtful  about,  in 
particular,  the  use  of  this  well-established  business  of  measuring  the  power  spectrum  —  the  frequency 
analysis  of  the  ENG.  I  really  think  it  is  something  we  should  question  very  strongly.  If  you  have  a 
strong  interference  pattern  from  the  EMG  waveforms,  it  is  quite  justifiable  to  treat  that  as  if  it  were 
sinusoidal;  and  it  is  quite  justifiable  to  use  a  rectified  integrated  analysis  to  look  at  the  total 
electrical  activity.  This  is  then  divided,  of  course,  into  the  various  frequency  wavebands,  and  we  get 
this  picture.  With  low  levels  of  activity,  such  as  we  find  in  postural  fatigue,  or  in  low  levels  of 
postural  maintenance,  where,  I  guess,  we  are  talking  about  10%  or  less  of  the  maximal  voluntary  con¬ 
traction,  you  are  getting  something  which  is  totally  unlike  a  sinusoidal  waveform.  You  are  getting  a 
series  of  discrete  pieces  of  activity.  Integration  is  irrelevant  for  that,  and  what  matters  then  is 
not  only  the  rise  time  of  each  Individual  potential  and  their  frequency,  but  also  the  relaxation  time; 
in  other  words,  the  twitch  tension  of  the  muscle  fibre.  Shanahan  and  Reading  spoke  about  muscle 
spasm.  Now  muscle  spasm;  again,  this  needs  to  be  defined,  but,  I  think,  it  is  typical  of  muscle  spasm 
that  there  is  a  prolongation  of  twitch  tension.  In  that  case,  if  the  back  muscles  are  fatigued,  then 
we  get  a  decrease  in  the  electrical  activity  measured,  but  the  passive  tension  remains  the  same.  So,  I 
think,  there  are  a  lot  of  problems  which  have  to  be  sorted  out.  I  would  be  happier  using  wire  elec¬ 
trodes  because,  at  least,  you  can  look  at  the  different  components  of  the  erector  spinae  muscles, 
multif idus,  in  particular;  and,  I  think,  one  should  look  at  the  raw  waveform  and  analyze  it  with  much 
greater  elegance  and  precision,  rather  than  using  the  rather  sophisticated  method  that  we  have  heard 
about. 


WILDER,  US:  Others  have  looked  at  EMG  activity  and  found  that  the  one  method  which  gives  the 
most  obvious  change  was  the  shift  in  center  frequency.  The  level  of  significance  was  0.07,  so  there 
was  still  quite  a  bit  of  variance  in  it,  and  the  conclusions  as  to  whether  or  not  that  does  show  sig¬ 
nificance  or  trends  is  still  indeterminate.  We  were  not  able  to  monitor  the  EMG  activity  during  vi¬ 
bration,  because  the  levels  were  so  low.  So  we  only  measured  the  activity  during  a  rather  large  ex¬ 
tension  effort.  At  the  time,  that  was  the  best  we  could  do. 

TROUP,  UK:  Your  answer  raises  another  question  in  my  mind.  It's  very  possible  that  different 
populations  of  muscle  fibres  are  Involved  in  the  different  activities.  Certainly,  I  would  put  forward 
a  hypothesis  that  once  postural  fatigue  has  developed,  and  possibly,  when  muscle  spasm  —  whatever  we 
mean  by  that  —  has  developed  it  may  be  a  transition  to  the  slow  type  of  muscle  fibre;  whereas,  in  the 
maximum  voluntary  contractions  I  would  guess  that  a  different  population  is  involved.  The  myopo- 
tentlals  from  these  different  fibre  types  are,  again,  very  different,  and,  I  think,  that  should  be 
looked  at  also. 

van  VLIET,  CA:  I  am  a  little  bit  concerned  with  your  conclusions  on  posture,  as  related  to  vi¬ 
bration  in  the  helicopter  environment.  From  the  point  of  view  of  vibration,  the  helicopter  is  a  very 
•dirty"  vehicle.  It  has  vibrations  at  all  frequencies.  The  11-Hz  frequency  is  a  blade-pass  fre¬ 
quency.  For  a  2-bladed  rotor,  that  corresponds  to  a  main  rotor  frequency  of  just  over  5  Hz.  I  believe 
that  your  results  would  probably  be  significantly  different  if  you  used,  perhaps,  a  more  complete  vi¬ 
bration  spectrum  for  representing  the  vibration  environment. 

WILDER,  US:  The  vibration  signal  that  we  used  was  recorded  from  the  floor  of  a  tuned  UH-1H  heli¬ 
copter,  and  we  obtained  vibrations  from  each  of  three  directions.  The  predominant  frequency  was  10.8 
Hz  and  there  were  other  components  of  that  signal.  The  signal  was  used  to  drive  our  vibration- 
simulation  apparatus,  which  has  a  major  roll-off,  I  believe,  at  around  14  Hs.  So  it  was  not  a  pure 
sinusoidal  signal  that  was  Imposed  on  the  subject.  Rather,  it  was  vibration  as  found  in  the  field. 

VAN  VLIET,  CA:  Did  you  use  a  6  deg ree-of- freedom  simulator?  In  other  words,  were  you  simulating 
3  rotations  and  3  translations? 

wiwer,  08:  With  the  limitations  of  our  equipment,  we  could  only  look  at  one  axis  of  vibration 
at  a  time,  so  we  could  not  see  the  coupling  effect. 

BOWDEN,  CA:  I  had  hoped  that  the  relationship  between  vibration  and  posture  would  be  a  subject 
for  discussion  here.  All  1  will  say  is  that  the  vibration  in  hslicopters,  in  part,  imposes  the  pos¬ 
ture:  and  Mr.  Wilder's  group,  1  think,  told  the  subjects  to  assuma  the  posture  which  helicopter  pilots 
assume,  either  in  a  static  or  vibrating  environment.  They  did  not  address  the  question  of  whether,  if 
a  helicopter  did  not  vibrate  at  all,  pilots  could  assume  a  different  posture  and  still  effectively  con¬ 
trol  it.  So,  in  that  sense,  vibration  is  important;  what  Mr.  Wilder  has  shown  is  that  it  perhaps  is 
not  the  principal  direct  stress  on  the  pilot. 

VAN  VLIET,  CA:  My  point  is  that  the  environment  has  not  been  completely  simulated. 
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**:  Service  de  Radiologie.  Hopital  destruction  des  Armees  BEGIN.  BUBO  SAINT  MANDE 

RESUME 

Les  algies  vertebrates  demeurent  encore  a  I'heure  actuelle  une  des  manifestations  pathologiques  preoccupantes 
du  pilots  d'helicoptere. 

La  physiopathogenie  est  lies  a  deux  facteurs  :  un  facteur  postural,  un  facteur  vibratoire. 

□u  point  de  vue  postural,  notre  but  a  ete  d'individualiser  et  de  determiner  les  caracteristiquea  de  position  du 
rachis  d'un  sujet  assis  au  posts  de  pilotage.  A  partir  des  dannees  obtenues  sur  des  radiographies  a  I'echelle  I  nous  avons 
defini  des  regies  a  respecter  dans  la  conception  et  la  realisation  des  sieges  d'helicopteres. 

En  ce  qui  concerns  les  vibrations  mecaniques.  nous  avons  fait  une  etude  comparative  de  la  transmiasibilite 
des  vibrations  par  differents  sieges  ou  coussins  de  sieges  d'helicopteres. 

II  eat  possible  actuellement  d'apporter  das  ameliorations  dans  Is  confort  du  pilotage  tant  dans  le  domaine  postu¬ 
ral  qua  du  point  de  vue  protection  contra  les  vibrations. 

—  *  — 

II  y  a  plus  de  MO  ans  qua  le  pilots  d'essais  Maurice  CLAI5SE.  apres  un  vol  d'endurance  sur  un  helicopters  Breguet- 
□orand  soulignait  le  caractere  desagreable  des  vibrations  se  repercutant  sur  touts  la  machine  :  “secoue  sur  une  monture 
inconfortable  pendant  une  heure  de  vol.  le  pilote  se  hate  d'atterrir.  de  rentrer  au  hangar  pour  soigner  ses  courbatures*. 

Malgre  les  progres  technologiques  accomplis  depuis  le  vol  du  premier  gyroplane  en  I  SO 7.  cette  remarque  rappor- 
tee  par  le  vice-amiral  JUBELIN  rests  actuellement  valable  en  grande  partie. 

La  diminution  des  agressions  et  des  nuisances.  I'emelioration  de  I'ergonomie  du  poste  de  pilotage  n'ont  pas 
suivi  le  perfectionnement  technique  des  helicopteres. 

Le  nombre  important  des  douleurs  vertebrales  chez  les  pilotes  d'helicoptere  a  ete  rapporta  par  de  nombreux 
auteurs  dans  differents  pays.  Ainsi  en  IB57  MISSENARC  et  GRABER  en  France  notent  SO  X  de  douleurs  vertebrales. 
en  IB62  MONTAGARO.  SAIS  et  GUIOT  60  X.  SCHULTE-WINTROT  et  KNOCHE  51  X  en  RFA.  EN  IB7S  FISCHER 
ET  ZIZELBERGER  B7  X  et  recemmant  an  ISAM  SHANAHAN  aux  U.S.A.  note  72.B  X  d'episodes  de  douleurs  vertebrales 
chez  les  pilotes. 

I  -  ASPECTS  CLINiqUES 

Nous  ne  ferons  qua  rappeler  les  quelques  donnees  devenues  maintenant  clsseiques  concernant  les  lombalgies 
du  pilote  d'helicoptere. 

Elies  peuvent  revdtir  deux  formes  :  aigue  ou  chroniqua.  celles-ci  alternant  le  plus  souvent  dans  le  temps  chez 
le  mama  sujet. 

La  lombalgfa  chroniqua  est  la  plus  frequents.  Son  tableau  est  celui  d'une  douleur  peu  intense  i  type  de  fatigue, 
de  pesanteur.  de  gfcne  siegeant  dens  Is  region  lombaire.  parfois  plus  baa  situee.  Elie  est  transversals  medians,  predomi¬ 
nant  souvent  d'un  cote,  pouvant  irradier  vara  la  region  fesaiire.  les  crites  fliaques. 

A  un  degre  de  plus,  cette  dine  se  transforme  an  une  douleur  qui  rand  le  vol  trie  penible.  le  pilote  cherchant . 
malgre  la  maintian  constant  da  la  position  de  sea  membres.  h  changer  de  posture. 

Enfin.  dernier  stads.  cette  douleur  penible  deviant  permenente  at  rand  tout  mouvement  de  flexion  du 
tronc  trie  difficile,  voire  impassible,  ceci  pendant  la  periods  intensive  du  vol.  II  exists  aaaaz  souvent  une  contracture 
musculaire  p6ri-vert6brale  avac  ou  sans  inclinaison  laterals  du  tronc. 

Las  lombalgies  aigOss.  rstrouveps  en  moyannas  dans  BO  X  das  cas.  surviennant  pour  la  plupart  sur  un  fond  de 
lombalgle  chroniqua  st  do  fegon  isoiea. 

Laur  mode  da  survenua  est  variable:  on  relive  souvent  un  debut  prograsaif  sans  effort  initial  pricls  mats  apris 
un  sur  men  age  inhabituel  ou  una  apparition  an  deux  temps,  la  douleur  na  as  manifaatant  qua  quaiques  ha  urea  apris  le 
vol.  Parfois  la  debut  aat  brusque  mala  I'affort  ou  la  faux-mouvemant  diclenchant  sont  alors  independents  da  la  pratique 
aer  on  autiqua. 


Cas  lombalgias  aigues  reellsent  la  tableau  du  claaalque  tour  da  rain  constitui  par  une  douleur  trea  viva,  intanaa. 
reveillea  au  moindre  mouvamant.  limitant  tout  deplacement. 

L'examan.  rendu  difficile  par  I'intensiti  da  1‘algia.  revale  dea  pointa  douloureux  lataro-vertebraux  a  hauteur  dea 
darniara  diaquas.  la  contracture  paravartabrala  at  aurtout  I'inflexion  antalgique  cyphoacoliotique  qui  ae  maintiant 
idantiqua  dana  lea  divara  mouvamenta  rachidiana.  II  met  an  outre  an  evidence  un  aigne  da  Laasegue  lombaira  bilateral. 

Enfin  la  aciatiqua.  complication  majeure  da  la  diacopathie  deganarative.a  ate  retrouvae  dana  qualquea  caa. 

2  -  PHY8IOPATHOLOGIE 

Laa  douleura  vertebrates  aont  una  manifeatation  cliniqua  devenue  un  pau  "la  mal  du  aiecle*.  II  eat  certain  qua 
dana  la  population  generate  la  pourcantaga  da  cetta  pathologia  vertebrate  eat  loin  d'etre  negiigeable.  Capendant  cartainea 
profeaaiona  aont  plua  axposies  qua  d'autraa  at  il  eat  frappant  da  retrouver  chaz  lea  conducteura  routiera.  an  particuliar 
dea  chauffeura  da  poide  lourds.  una  frequence  d'algiea  vertabralea  aaaez  proche  da  cede  dea  pilotea  d'helicopterea. 

II  eat  done  important  da  chercher  a  connaltra  I'itiologie  at  la  pethoginie  da  caa  manifeatationa  douloureuaes. 

II  y  a  qualquea  anneaa  la  facteur  Incrimine  an  premier  liau  atait  la  facteur  vibratoire.  puia  petit  a  petit  la 
plupart  dea  auteura  ont  ate  amenes  a  penaar  qu'un  autre  facteur  important  intervene!!  dana  la  geneae  da  cetta 
pathologia  vartabrale  :  e'eat  la  factaur  poatural. 

Aujourd'hui  tout  la  monde  a'accorda  a  panaar  qua  caa  daux  factaura  aont  impliquea  dana  dea  proportiona  variables. 
I'un  prenant  la  paa  aur  I'autra. 

Ainai  on  admet  aujourd'hui  un  concept  davenu  claaalque  :  laa  douleura  vertabralea  du  pilote  d'helicoptere  aont 
duea  &  faction  aynergique  da  deux  factaura  : 

-  un  facteur  poatural  :  fa  mauvaiaa  position  da  pilotage 

-  un  facteur  mecanique  microtraumatique  du  aux  vibrationa  da  I'halicoptere 

2.1.  -  La  facteur  poatural 


2.1.1  -  Donnies  claaeiquea 

Bien  deer  it  par  SLIOSBERG.  la  facteur  poatural  eat  dQ  a  I'utiliaation  constsnte  at  coordcnnea  das  quatra 
membrea  dans  la  pilotage  d'helicoptere. 

•  laa  membrea  infarieura  : 

Las  pieda  repoaent  aur  la  palonniar.  jambas  at  cuissea  legerement  flechies.  L'appareil  ayant  tendance  a  pivoter 
spantanement  aur  un  cote,  la  correction  effectuee  par  le  rotor  anti  couple  axige  an  fait  une  preasion  diasymetrique 
permanente  au  niveau  du  palonniar. 

-  lea  membrea  auparieura  : 

Le  membra  auparieur  droit  actionne  le  manche  du  paa  cyciique  situs  antra  lea  deux  membrea  infirieurs.  le  corps 
itant  en  flexion  preaqua  a  angle  droit.  Sur  laa  apparails  actuals  le  deaain  dea  manches  eat  an  general  calculi  da  fapon 
i  ce  qua  le  couda  droit  puiaae  reposar  at  so  cater  aur  la  culase  droita.  Enfin  la  manche  ast  pousae  dans  le  memo  sens  que 
la  direction  do  vol.  done  preaqua  toujours  vara  I'avant.  Ca  fait  entrafne  una  projection  da  I'epaule  droita  vers  I'avant. 

La  main  gauche  actionne  la  lavisr  da  pas  collectif  en  demi  flexion,  sans  axercar  d'efforta.  la  position  du  leviar 
aa  calant  grSce  aux  servo-commandos.  Cette  position  nienmolna  constants  a e  caractirise  par  I'inclineison  at  I'effacement 
de  I'ipaule  gaucha  vara  la  baa. 

-  Rachla  ; 

Thioriquemant  le  rachla  doraal  at  lombaira  devrait  .  atra  solidalre  du  dossier  du  siige  par  un  aanglaga  type 
harnais.  En  pratique  la  niceasiti  da  pilotage  i  vuo  constants  oblige  le  pilote  1  ne  pas  sarrar  las  bretelles  de  suspension 
sur  lasquallas.  d'aillaurs.  il  so  cals,  panchi  an  avant.  La  dos  s'icarta  ainai  du  dossier,  la  rachls  cervical  se  trouve  en 
hyperaxtenaion. 


2.1.2.  -  Etude  radiofraphique  du  racMe 

□os  itudea  affsetuies  an  1808  par  R.P.  DEL  AHA  YE  at  J.  8HICKLE  ont  montri  cartainas  modifications  vertibra- 
les  cries  par  la  position  du  pilotage  d^ilicoptira.  Las  risultau  enreglstris.  tout  en  confirmant  las  angles  da  confort 
de  WI8NER.  soulignant  las  diviationa  vartibralas  rancontries  en  position  assisa.  Nous  averts  voulu  compliter  cas  donnies 
at  nous  avona  antrepris  grftoa  i  das  techniques  radiologlquas  nouvollas  una  itude  complimantalra  dastlnia  i  mosurer 
las  diffirants  paramitres  vartibraux  pouvant  Influer  aur  la  confort  du  pilots. 
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Catta  notion  da  confort  ast  complexe.  Ella  fait  intarvenlr  : 

-  una  repartition  corrects  das  praaaioni  unit  air  as 

-  un  fonctionnement  satisfaisant  dee  diffirenta  segments  corporals  tors  das  phases  statiquea  at  dynamiques  du 


-  I'inclinaison  du  dossier  du  siege 

-  ('utilisation  d'un  coussin  lombaira  reglable 

-  la  nature  da  I'interface  paau-siaga 

□a  plus  il  ast  bian  connu  qua  lorsque  1‘homme  passe  da  la  station  debout  a  la  position  assise  t'enaemble  lombaira 
a  tendance  a  s'ef facer  at  la  cyphosa  dorsala  physiologique  ast  moins  importante.  J.J.  KEEGAN  insists  sur  la  role 
important  das  muscles  postsrieura  da  la  cuisee  at  das  muscles  fassiers  dans  I'effacement  da  la  courbure  lombaira  an 
position  assise.  Mais  si  las  cuisses  sont  flechies  sur  la  tronc  il  se  produit  una  rotation  du  bassin  at  la  lordose  disparait 
entiarament. 

L ‘etude  entreprise  par  la  Laboratoira  da  Medacina  Aerospatiale  du  Centre  d'Essais  an  Vol  an  collaboration  avec 
la  service  da  Radiologie  da  I'Hopital  d'lnstruction  das  Armaes  BEGIN  a  done  au  pour  but  d'individualiser  at  da  determiner 
las  caracteristiques  da  position  du  rachis  d'un  sujet  assis  an  position  da  pilotage  at  creant  las  meilleures  sensations  da 
confort. 


2.1.2.1.  -  Las  differentes  operations  da  catta  experimentation. 

Ellas  neceaaitent  la  mise  an  oeuvre  da  plusiaurs  realisations  : 

-  construction  d'un  bati  mecanique  permettant  (‘adaptation  da  tens  las  sieges.  Ce  bati  permet  una  representation 
da  cabins  a  I'ichollo  I  avac  mise  an  place  du  manche,  du  palonnier.  da  la  planche  da  bord  at  du  dispositif  positionnant 
I'oeil.  La  siege  servant  da  reference,  las  differants  equipements  sont  disposes  conformament  a  I'apparail  a  simuler. 

-  construction  d'un  chassis  radiologique.  Ca  dispositif  original  par  met  la  realisation  da  radiographies  an  conservant 
pour  chaque  type  d'axparimsntation  las  mamas  caracteristiques  gaomitriquea.  II  facilita  la  reproductibilita  at.  par  la. 

la  comparaisan  des  differentes  determinations  chiffrses  masuraes  sur  las  radiographies.  Ca  chassis  radiologique  vertical 
doit  maintanir  verticalemant -derriere  la  pilota  assis  sur  la  siege  etudia.  3  grilles  30  X  120  cm.  3cassettes  30  X  120  cm. 

3  plaques  an  plaatique  quadrille  5  X  S  permettant  lea  mensurations  sur  las  radiographies.  Ce  dispositif  est  mobile  pour 
permettre  I'orientation  des  cassettes  dans  la  plan  vertical,  independamment  I'ufte  da'PautreChaque  cassette  est  agalemant 
oriantable  an  rotation  autour  da  son  axe  vertical  pour  qu'elle  soit  perpendiculaire  aux  Rayons  X.  La  porta  cassettes 
mobile  ast  place  a  3.50  m  du  tuba  radiogine.  La  pilota  assis  sur  la  Siege  ast  place  la  plus  pres  possible  du  porta  cassettes. 
La  colonne  vertabrale  dolt  se  trouver  au  centra  d'una  des  cassettes  Isteralss. 

2. 1.2.2.  Definition  das  differentes  mesures  effsetuaas  sur  las  radiographies 

L 'etude  des  radiographies  da  la  colonns  oblige  a  definir  16  valeurs.  angles  ou  distances  antra  les  points  ramarque- 

blas. 


Laur  repartition  est  la  suivanta  : 

1  -  Angle  da  la  cheville  :  angle  pied-jambe 

2  -  Angle  du  ganou  :  angle  femur-tibia 

3  -  Angle  du  couda  :  angle  bras-avant-bras 

I  -  Angle  da  I'ipaule  :  angle  du  bras  avec  la  verticals  me  sur  ant  I'f  lavation  antarieure  du  bras 

5  -  Angle  du  rachis  cervical  :  angle  antra  la  ligne  joignant  I'angla  post4ro  superieur  da  I'odontofde  4  I'angle  postiro 
inf4rieur  da  C7  at  la  verticals 

6  -  Angle  da  cyphosa  dorsals  :  angle  form<  par  la  perpendiculaire  au  plateau  sup4rleur  da  Dq  at  calla  au  plateau 
inf4rieur  da  D|g 

7  -  Lordose  lombaira  ou  cords  lombaira  :  droits  joignant  I'angle  poatsro  sup4rieur  da  L]  4  I'angle  poataro  aup4rieur 
da  S|  .  Ella  as  masura  an  mm.  Ella  ast  positive  pour  una  lordose  at  negative  pour  una  cyphosa. 

B  -  Lordose  d4finie  par  Rabiachong  :  angle  form4  par  las  perpsndiculalras  au  plateau  sup4rieur  da  Dig  at  infirieur 
do  L5.  L'angle  ast  n4gatif  an  cas  da  cyphosa. 

0  -  Anglo  cords  lombairo-verticale 

10  -  Angle  cords  carvico-sacr4a  ou  cords  vertebral  a- verticals  :  angle  form4  par  la  droits  allant  da  la  jonction 
cervico-doraale  4  I'angla  ant4ro-sup4rieur  da  8|  at  la  varticale.  Cat  angle  est  tris  important  car  il  donna  una  indication 
sur  la  courburs  da  la  eolonna  at  I'inclinaison  du  tronc  vars  I'avant. 

I I  -  Angla  f4mur-corde  cervlco-aacree  ;  angle  form4  par  I'axa  du  f4mur  at  la  drolta  allant  da  la  jonction  cervico- 
doraale  (angle  poat4ro  sup4riaur  da  □))  4  I'angla  ant4ro-aup4riaur  da  S|. 

12  -  Angla  f4mur-corda  lombaira  :  angla  form4  par  I'axa  du  f4mur  at  la  proton gemant  da  la  corde  lombaira.  Cat 
angla  noua  apparait  tris  important  parea  qu'il  a  un  rapport  avac  la  sacrum  mal  visual is4  sur  las  radiographies  4  causa  des 
armatures  m4talllques  du  s)4ge.  La  position  da  la  eolonna  lombaira  par  rapport  au  f4mur  est  an  pertie  d4finia  par  cat 
angla. 

13  -  Angle  f4mur-doasier  :  angla  form4  par  I'axa  du  f4mur  at  la  dossier  du  si4ga 
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IS  -  Angle  corde  vertebrale-rachis  cervical  :  angle  forma  par  la  droite  allant  da  la  jonction  cervico-dorsale  a 
I'angle  super ieur  de  S)  at  la  rachis  cervical. 

IB  -  Angle  ifinciinaison  femorale  :  angle  forme  par  I'axe  du  femur  avac  ('horizontal a, 

17  -  Distance  d'aasisa  femorale  :  distance  face  enter ieure  du  coussin  du  siege  at  corda  lombaire.  Cette  mesure 
s'est  revalaa  difficile  a  determiner  avac  precision  sur  las  radiographlea  car  lea  couasins  de  siege  ne  sont  pas  auffisamment 
opaques. 


2. 1.2.3.  -  Resultats 

Nous  avons  pris  pour  reference  das  angles  preconises  par  REBIFFE^AYANA  at  TARRIERE.  definis  comma 
angles  de  confort. 

II  reasort  de  cette  etude  qua  la  position  de  la  colonne  vertebrate  eat  rarement  satisfaisante  dans  son  ensemble. 
Au  niveau  de  la  colonne  lombaire  on  note  de  maniere  aasez  homogene  una  rectitude  avec  une  tendance  a  la  cyphose. 

-  Alouette  III  :  La  position  de  I'ensembla  de  la  colonne  n'ast  pas  satisfaisante  puisque  I'ensemble  thorax-bassin 
est  tree  incline  vers  I'avant  au  dels  de  la  verticale.  Cette  position  de  la  colonne  entraTne  bien  evidemmant  une  rectitude 
de  la  colonne  lombaire  avec  augmentation  de  la  cyphose  dorsale  at  surtout  une  colonne  cervicale  an  hyperextension  lors 
du  pilotage  a  vue. 

Cette  attitude  cyphotique  est  due  essentiellement  a  la  mauvaise  position  du  menche. 

-  Gazelle  :  Lorsque  I'on  regarde  la  silhouette  d'ensamble  de  la  colonne,  on  peut  penser  qua  Is  position  assise  est 
corrects  puisque  le  dos  semble  aligns  sur  Is  dossier. 

En  fait,  lea  radiographies  montrent  encore  une  fois  une  rectitude  lombaire  avec  bascule  du  bassin  et 
fermeture  de  I'angle  femur-colonne  lombaire.  Et  lorsque  I'on  regards  Is  positionnement  du  siege  dans  la  cabine.  on 
s'apergoit  qua  ce  siege  est  tres  bas  sur  le  plancher.Ainsi  pour  eviter  de  traveller  avec  le  membra  inferieur 
preaqu'en  extension,  le  pilots  rapproche  le  siege  du  palonnier.  ce  qui  entraTne  une  fermeture  de  Tangle  du  genou  proche 
de  Tangle  de  confort.  mais  aussi  un  relevement  du  femur  d'ou  une  bascule  du  bassin  et  une  rectitude  lombaire.  De  plus 
cette  position  fait  que  le  pilots  a  une  assise ischiatique  et  non  plus  femorale. 

-  Puma  :  La  position  est  dans  I'ensemble  satisfaisante.  II  faut  noter  cependant  une  tendance  au  pilotage  bras 
tendu  sans  appui  ce  qui  risque  d'entraTner  une  certains  fatigue  da  la  part  du  pilote. 

2.2.  -  Facteur  mfcaniqua  :  lea  vibrationa 

Resultat  du  rendement  imparfait  da  tout  systems  mecanique  en  mouvement.  les  vibrations  represented  une 
forme  degrades  d'energie  que  Toperataur  humain  recupere  directement  a  son  posts  de  travail  sous  forme  de  nuisances. 

Le  domains  aeranautique  est  loin  d'etre  epargne  par  les  agressions  vibratoires  et  en  particular  Thelicoptare 
qui  engendre  aasez  souvent  des  vibrations  de  haut  niveau 

Ces  vibrations  enregistrees  a  bard  des  helicapteres  sont  de  deux  origines  :  mecaniques  d'une  part  et  aerodynami- 
quea  d'autre  part. 

-  Lea  vibrations  d*origine  mecanique  : 

.  De  bases  frequence  .  alias  sont  provoquees  par  le  rotor  principal  tournant  a  la  frequence 
ce  rotor.  Lea  causes  sont  multiples.  Nous  retiendrcns  parmi  les  principales  : 

-  le  fonctionnement  des  dispositifa  articulea  lias  a  la  technclogie  mime  de  Tappareii.  ils  engendrent 
principalement  sur  I'axe  Z 

-  la  difference  de  trainee  des  pales  avangantes  et  reculantes. 

.  De  moyanne  et  haute  frequence,  alls  ont  pour  origins  : 

-  le  fonctionnement  des  moteurs  ou  turbines 

-  le  rotor  de  frequence  et  N  pales  (frequence  N  ] 

-  les  organ es  mobiles  de  transmission. 

-  Les  vibrations  d‘ origins  aerodynamique  : 

Da  trls  bases  frequence,  alias  sont  dues  aux  reponses  de  la  cellule  eux  excitations  e6rodynamiques  et  aux  actions 
du  pilots  e  travars  let  servo  commandee. 

Las  effets  physiologiques  des  vibrations  sont  dus  aux  deformations  et  aux  d6plecements  relatifs  importer ts  que 
subisaem  las  or  genes  ou  las  tissue  i  certainaa  frequences. 

La  r8le  jou4  par  la  tiiga  aaaurant  la  transmission  au  pilote  des  mouvemsnts  da  Tappareii  est  done  trie  important. 

2.2.1  -  TranamMbilite  dee  vibrationa  au  pi  iota 

II  nous  a  done  paru  utils  d'etudlsr  la  tranamisaibilite  das  vibrationa  i  travars  differents  sieges  ou  coussins  de 


et  par  les  N  pales  de 
des  frequences  N 


siege  : 
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-  pour  divers  types  de  siege  d'helicoptares  :  Sezelle 

Oauphin 

Puma  equips  du  siege  Armee  de  l‘Air 

-  pour  un  type  de  si&ge  (Puma  SA  330)  equips  de  couaeins  de  mousse  de  densite  croissente  defi  nleairtsi  6A  26A. 
35A.  MOO.  500. 

L 'etude  a  ate  effectuee  sur  plateau  vibrant,  a  acceleration  constants. 

Las  parametras  obtenus  ont  ate  :  acceleration  au  niveau  du  baasin.  acceleration  au  niveau  du  thorax,  accelera¬ 
tion  au  niveau  de  la  teta. 

A  partir  de  ces  donnees.  il  a  ete  possible  d'etablir  des  rapports  d'scceleration  :  besai n/ref erenca  plateau, 
thorax/refarence.  tete/reference. 

Ici  seul  nous  interease  la  rapport  baasin/raferenca  qui  donna  la  transmisaibilite  des  vibrations  a  travers  las 
differants  sieges  ou  coussins. 

La  rapport  R  ast  agal  a  un  lorsque-la  vibration  ast  integralement  transmisa  antra  la  plateau  at  la  baasin.  II  n'y  a 
done  ni  amortissement.  ni  resonance. 

La  rapport  ast  agal  a  H  lorsqu'il  y  a  un  amortisaament  qui  reduit  da  moitia  la  niveau  d'accalaration  du  plateau, 
at  agal  a  I/M  lorsque  cat  amortisaament  divisa  par  M  la  niveau  d'accalaration  du  plateau. 

Sur  las  tableaux  qui  suivent  las  Frequences  da  vibrations  sont  donnees  pour  : 

-  une  transmisaibilite  sans  amortissement  ni  resonance  [R  -  I) 

-  une  transmisaibilite  permattant  un  amortissement  de  2  (R  *  %) 

-  une  transmisaibilite  permattant  un  amortissement  de  M  [R  -  I/M) 

2.2.1. 1.  -  Meaura  pour  divers  types  de  sieges 

Gazelle  Dauphin  Puma  [Armee  da  I ‘Air) 

R 

1  5  Hz  5  Hz  B  Hz 

1/2  trans.  15  Hz 

1/M  trana. 


Caa  resultata  montrent  nattemant  qua  las  truia  sioges  de  la  Gazelle,  du  Dauphin  at  du  Puma  equips  du  siege 
d'origina  ont  pratiquamant  la  mama  comportement  sous  vibrations  at  une  transmisaibilite  identique. 

II  faut  notar  cependant  qua  I’amortisaemont  da  M  n'aat  jamais  attaint,  ni  celui  de  2  pour  la  Gazelle  at  la  Dauphin  . 
bien  qua  Ton  an  soil  tres  pria  4  IS  Hz.  R  ast  6gal  4  0.3S. 

2.2. 1.2.  -  Meeures  faltas  avac  la  sliaa  du  Puma  6quipa  de  mousses  da  densitfa  differentes 


R 

BA 

26A 

35A 

MOD 

50D 

1 

5  Hz 

6  Hz 

5  Hz 

S  Hz 

S  Hz 

1/2  trans. 

I/M  trans. 

12  Hz 

IS  Hz 

11  Hz 

B  Hz 

IM  Hz 

0  Hz 
IS  Hz 

Caa  risultata  montrent  combian  I'augmantation  da  densite  da  la  mouasa  aquipant  la  siege  favorisa  un 
amortisaament  das  vibrations.  En  affet  un  amortissement  da  2  apparait  4  das  Frequences  de  12  at  15  Hz  pour  das 
couaeins  da  densite  Faibla  at  i  B  at  9  Hz  pour  das  couasina  da  densite  suparieura. 

Ainsi  il  apparait  qua  la  qualite  Filtranta  d'un  siiga  paut  atra  am6liora#  tras  simplamant  an  modiFiant  la  densite  da 
la  mouaaa  equipant  ea  siiga . 

II  ast  Important  da  conns) tre  la  valeur  da  ('acceleration  at  da  la  Frequence  da  vibration  mesuree  au  niveau  du 
baasin  du  pilots.  Cast  alia  qui  va  itra  rasponsabla  das  microtraumatismas  au  nlvaau  da  Is  colonna. 

II  Faut  ausai  Inal  star  sur  I'lmportanca  das  d6pheeagss  qua  pauvant  presenter  antra  alias  las  diFFerantss  masses 
corporal  las  at  qui  eeralent  particuliiramant  nociFs  pour  la  raehis  an  partlouller  las  change  men  ts  da  phase  thorax-baasin. 
Outre  tea  mouvamants  axiaux  las  vibrations  d'axa  Z  produisant  sur  la  colonna  vartebrals  dsa  oscillations  d'avant  an 
arriera  :  antra  12  at  IM  Hz  par  example  la  colonna  doraale  Flichlt  an  event.  Ca  phenomena  ast  encore  plus  net  au  niveau 
da  la  tlta  qui  repond  eux  oaclllationa  vsrtioalas  par  des  oscillations  horizontalss. 

On  conqolt  qua  oa  mouvamant  d'avant  an  arriera.  ag grave  par  la  position  on  hypersxtansion  at  par  Is  port  du 
casque  qui  ajoute  une  eartaine  inertia  au  syateme  pulses  engendrer  das  lesions  au  nivaau  da  la  zone  charniers  reprieentie 


26-6 


par  la  colonne  cervicale  bane. 

En  fait  la  mictniim#  d'action  des  vibrations  air  la  colonna  ast  encore  assaz  mat  connu.  La  pilots  soumia  a  dee 
vibrations  va  presenter  une  contracture  musculaira  assent iallament  paravertabrale.  bien  souvent  riflexe,  qui  aura 
tendance  6  s'oppoaer  au  phenomena  vibratoire.  Capandant  cette  contraction  musculaira  na  paut  etre  parmananta  at 
trie  vita  una  fatigue  va  apparattra.  L'amortisaaur  musculaira  ast  alors  force  at  la  surmanaga  du  systems  disco-ligamen- 
taire  va  sa  traduire  par  I'apparition  d'une  discopathie  degenerative  i  I'origine  du  tableau  Clinique.  Cette  action  des 
vibrations  va  encore  etre  eccentuee  sur  un  rachis  sensibilise  par  una  mauvaisa  posture. 

3  -  PROTECTION  OU  PILOTE 

Comma  dans  touts  pathologie  a  caractere  professionnel  deux  objectifs  simuitanes  sont  a  poursuivre  :  adapter 
I'homme  a  son  travail  at  la  machine  a  son  operateur  humsin. 

3.1.  -  Protection  contra  las  vibrations 

En  ce  qui  concerns  las  htlicopteres.  des  progris  considerables  peuvent  etre  constates  au  plan  du  niveau  vibratoire 
dans  las  appareils  da  la  nouvelle  generation.  Ce  fait  a  eta  masura  sur  Gazelle  ainsi  qua  sur  Dauphin  ou  Ecureuil.  II  eat  dff 
au  perfectionnement  technologique  qui  permet  de  remplacer  las  systimea  metalliques  articules  par  des  pieces  monobloc 
en  mattriau  plastique.  a  (‘installation  d'amortisseurs  diminuant  las  vibrations  engendrees  par  lea  rotors  at  las  transmissions 
en  mouvement. 

Un  autre  systems  de  protection  est  apporte  par  la  siege  lui  mama.  Comma  nous  vanons  de  la  voir  il  ast  possible 
d'attenuer  considerablement  le  phenomena  vibratoire  au  niveau  du  basain  du  pilots  par  I'atuda  de  sieges  ayant  une  qualite 
de  mousse  filtrant  auffisammant  las  vibrations.  II  eat  certain  que  I'amortisaament  das  vibrations  au  dessous  de  5  Hz  est 
tris  difficile.  Cependant  si  on  peut  diminuar  par  <1  le  niveau  vibratoire  masura  au  bassin  du  pilots  at  ce  a  partir  de  B  ou 
10  Hz  alors  on  aura  fait  un  grand  pas  vers  un  nouveau  confort  dans  le  pilotage  des  ha  I  i  cop  tares. 

II  rests  malheureusement  le  problems  des  vibrations  salon  I'axa  X  ou  Y  dont  il  est  tris  difficile  de  se  proteger 
si  ce  n'est  par  I'adoption  de  bourrelets  lattraux  au  niveau  du  siege. 

3.2.  -  Protection  par  amelioration  du  siege 

Nous  avons  vu  I'importance  d'une  bonne  position  da  pilotage.  La  position  assise  n'est  pas  une  position  physiologi- 
que.  II  est  done  important  de  taut  mettre  an  oeuvre  pour  respecter  le  plus  possible  les  courbures  vertebrates.  Ainsi  le 
pilots  doit  "se  sentir  bien*  an  position  assise  meis  eussi  avoir  une  colonne  en  bonne  position.  Lesiego  doit  done  permettre 
une  bonne  atatiqua  vertabrale. 

La  sensation  de  confort  depend  : 

-  de  I'angjction  sagmentaira  des  membres  at  du  tronc 

-  de  la  praasion  unitaire  exarcee  sur  le  revatement  cutans.  La  position  assise  niceasite  un  appui  ischiatiqus  et 
femoral,  sur  una  surface  auffisammant  soupla  pour  favoriser  une  absence  de  point  dur.  Au  niveau  du  dos.  I'appui  se  realise 
avec  une  inclinaiaon  suffisante  du  aiige.  Le  dossier  du  siege  et  son  revatement  doivent  permettre  de  supprimer  dans  la 
masura  du  possible  les  points  de  concentration  des  contraintea  cress  par  I'appui  des  formations  squelettiques. 

En  somme.  I'appui  an  position  assise  doit  sa  fairs  sur  le  siege  par  la  plus  grands  surface  des  femurs  et  du  dos. 

A  partir  de  I'itude  radiographique  realists  sur  la  position  du  pilotage  pour  different*  types  d'hilicopteres. 
nous  avons  dtduit  qualquea  caracttristiquas  souhaitabtas  d'un  bon  siige  d'halicoptere  : 

-  riglage  du  siige  en  diplacament  vertical  et  horizontal 

-  dossier  remontant  aesez  haut  avec  changement  de  courbure  i  heuteur  du  dos  et  i  inclinaiaon  reglable 

•  couaain  d'appui  lombaire  riglabla 

-  asaiae  suffisamment  profonde  permsttant  un  appui  correct  des  fimurs 

-  bourrelets  letiraux  sur  I'aasisa  et  le  dossier  apportant  un  meilleur  maintien  Istirel 

-  accoudoirs  riglables. 

II  perelt  aouhaitable  d’itudier  les  prototypes  plutSt  que  de  dtplorer  les  insuffiaances  des  siiges  de  stria. 

En  effet.  I'amt notation  de  la  forme  des  siiges  tendent  i  so  rapprocher  des  normes  de  confort  bien  conrmas  at  compatible 
avec  la  miaalon  permet  (Ttpargner  la  musculature  du  pilots  qui  rests  ainsi  plus  long  temps  disponible  pour  j  over  son  role 
d'amortiaeeur. 

A  partir  de  ees  donntes  i  le  fois  posturales  et  vibretoires  II  est  possible  de  concevoir  des  siiges  qui  permsttant 
d* assurer  le  pilotage  dee  htllcoptirss  dens  un  confort  setlsfaisant.  Cost  Is  cos  du  sfiga  de  I’AS  332  version  eivile 
febriqut  per  la  SOCEA  an  Prance  at  qui  rtpond  aasaz  bien  aux  normes  da  confort. 
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CONCLUSION 

Prononcer  las  mota  da  rachia  at  d'hslicoptere  amine  a  panaer  algies  vertebrates.  La  aecurite  dea  vola  impoae 
da  lutter  contra  ellea  par  I'amelioration  du  confort  du  pilots. 

II  aat  certain  qua  dea  progres  reatent  a  faira.  En  affat  ai  la  dels!  d'apparition  dea  lombalgiea  eat  posse  da  300- 
300  haurea  da  vol  il  y  a  quelquea  anneea  a  I  000-1  500  hauraa  da  vol  eujourd'hui.  il  n'en  reate  paa  moina  vrai  qua  cea 
doulaura  vertebralaa  existent  toujours. 

Or  dea  ameliorations  aont  possibles  a  la  foia  au  niveau  vibratoire  at  postural. 

Un  fait  eat  certain,  nous  connaisaons  trea  mal  la  macanisme  physiopathogenique  intime  da  cea  manifestations 
vertebralaa  at  done  da  nombreuaea  etudes  reatent  a  faira. 

En  attendant  il  faut  souhaiter  qua  parallelament  a  la  diminution  du  niveau  vibratoire  at  a  I'amelioration  du 
confort  dea  sieges,  une  etude  plus  globale  du  posts  da  travail,  e'eat  a  dire  du  posts  da  pilotage  dans  son  ensemble  soit 
conduits. 
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SUMMARY 

In  this  paper  a  new  method  is  proposed  for  obtaining  the  time-dependent  pattern  of 
vibrations  transmitted  to  the  seated  pilot,  by  means  of  a  map  showing  the  direction 
and  magnitude  of  all  measured  vectors.  The  pattern  easily  allows  the  observer  to 
distinguish  between  rotational  and  translational  motion.  Because  the  direction  of 
translational  motion  (or  the  axis  of  rotational  motion)  is  not  the  same  in  different 
flight  conditions,  a  suitable  reorientation  of  the  frame  of  reference  is  required  in 
order  to  compare  the  various  situations.  In  this  way  it  is  also  possible  to  observe 
changes  of  the  spin  axis  or  of  the  direction  line,  in  case  of  rotational  or 
translational  motion  respectively.  Some  results  obtained  from  measurements  on  board  a 
helicopter  at  two  sites  (seat  and  backrest)  are  presented.  Three  orthogonal 
acceleration  vectors  are  examined.  Patterns  corresponding  to  different  flight 
conditions  are  shown,  before  and  after  frame  reorientation.  The  paper  closes  with  a 
frequency  analysis  of  some  of  the  measurements,  comparing  amplitudes  and  phases  of  the 
spectral  components  at  the  same  frequencies,  before  and  after  frame  reorientation. 

STATEMENT  OF  THE  PROBLEM 

Over  the  past  few  decades  a  great  deal  has  been  learned  about  the  pathological  effects 
of  vibration  on  the  human  body.  Vibration  has  been  shown  to  affect  the 
musculoskeletal  system  and  particularly  the  supporting  structures  of  the  trunk. 
Furthermore  many  clinical  studies  have  indicated  a  clear  relationship  between 
helicopter  vibration  and  low  back  pain  (3). 

An  overview  of  the  literature  shows  different  approaches  to  the  general  problem  of 
determining  how  vibration  is  involved  in  causing  backache.  Subjective  and  objective 
methods  have  been  used;  methods  based  on  a  physiological  point  of  view  have  been 
widely  considered  too.  Starting  from  simple  situations  (12,  18  19,  22)  and  going 
through  different  levels  of  complexity  (5,  7,  8,  21,  24,  27)  these  studies  come  to 
well-known  conclusions  about  discomfort  and  performance  decrements  in  the  situations 
taken  into  consideration  (1,  2,  4,  6,  10,  11,  16).  Few  studies  are  concerned  with  the 
biomechanical  behaviour  of  the  trunk  in  a  vibrating  system  environment,  mostly  because 
of  the  complexity  of  the  problem.  It  is  quite  difficult  to  determine  "in  vivo"  how 
the  soft  tissues,  bones  and  organs  behave  under  vibrational  stresses.  Simulation  by 
means  of  models  has  been  adopted  as  a  method  of  study,  as  well  (14,  17,  23,  25,  28). 

Usually  vibration  studies  analyses  are  carried  out  by  measuring  the  vibration 
transmitted  from  the  aircraft  to  the  seated  pilot  (20).  These  measurements  are  made 
at  particular  representative  sites  such  as  the  seat  and  the  backrest.  The  most  common 
way  of  representing  the  time  dependence  of  the  vibration  vector  w.r  has  been  done  by 
representing  separately  the  time  dependence  of  its  three  projections  along  the  three 
orthogonal  axes  x,  y  and  z  of  a  suitable  frame  of  reference  T.  In  this  way  the 
analysis  of  vibration  phenomena  is  carried  out  separately  for  the  three  axes  in  the 
time  domain  and  also  in  the  frequency  domain  after  Fourier  transformation. 

This  approach  does  not  seem  adequate  to  the  Authors  for  the  evaluation  of  vibration 
affecting  the  pilot's  trunk.  The  principal  limitation  of  this  approach  is  that  a 
complete  picture  of  the  vibration  is  not  expressed;  it  is  analogous  to  the  problem  of 
communicating  the  three-dimensional  shape  of  the  object  through  a  technical  drawing 
which  includes  only  the  three  orthogonal  projections.  On  this  basis  it  seems  to  be 
necessary  for  the  medical  investigator  to  possess  a  "picture"  of  the  dynamical 
situation  as  it  evolves  in  a  three-dimensional  space.  This  "picture"  becomes  a  useful 
pattern  for  comparison  between  situations.  The  aim  of  the  present  work  was  to  study  a 
new,  reliable,  and  easy  tool  for  the  evaluation  of  the  intensity  and  direction  of 
vibration.  The  new  method  is  particularly  useful  to  provide  medical  investigators 
with  a  better  understanding  of  the  aetiology  and  pathogenesis  of  backache.  Many 
characteristics  of  the  vibrational  stresses  applied  to  Sikorsky  HH3F  pilots  of  I.A.F. 
have  been  studied  in  this  way. 

VIBRATION  PATTERNS 

In  practical  conditions  vibration  measurements  are  made  indirectly  by  means  of 
measurement  of  the  resultant  acceleration  vectors.  Thus  three  accelerations  measured 
along  x,  y,  and  x  axes.  Experimental  conditions  are  as  described  in  Fig.  1,  which 
shows  the  two  measuring  sites  on  the  seat  and  the  backrest.  The  seat  site  lies  under 
the  buttocks,  in  proximity  to  the  ischial  tuberosities  and  the  backrest  site  is  near 
the  lumbar  region.  Triaxial  accelerometers  enclosed  in  a  flexible  flat  rubber  disc 
have  been  adopted;  the  discs  are  mounted  on  the  seat  and  on  the  backrest.  This  system 
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allows  one  to  measure  at  a  given  time  the  three  orthogonal  projections  of  any 
vibration  vector  v/r.  The  orientation  of  the  frame  T  of  the  two  accelerometers  is 
according  to  ISO  2631  (15). 

In  order  to  obtain  the  pattern  for  the  dynamical  situation,  it  is  possible  to  make  the 
transformation  from  Cartesian  coordinates  x,  y  and  z  into  polar 
coordinates  4  •  ©  and  p  ,and  to  consider  the  intersection  of  the  vector  r  with  the 
Gaussian  unit  sphere  at  a  point  P  having  coordinates  $  and  e  .  Then  the  unit  sphere 
is  mapped  onto  a  plane  using  a  Flamsteed  projection.  The  information  about  the 
magnitude  p  can  be  given  now  by  associating  with  the  image  of  point  P  on  the 
Flamsteed  projection  a  polygon  of  radius  proportional  to  the  magnitude  p  of  r.  By 
repeating  this  procedure  for  all  measured  vibration  vectors,  we  obtain  a  pattern  which 
gives  us  information  about  the  numbers  of  points  P  together  with  the  corresponding 
vector  magnitudes  on  any  area  of  the  Flamsteed  projection. 

Analysis  has  been  carried  out  separately  for  the  seat  and  the  backrest,  using 
sequences  of  2048  measurements  taken  with  a  sampling  time  of  2.5  ms.  The  length  of 
each  measurement  is  then  5.12  s.  Some  patterns  are  shown  in  Fig.  2  (seat)  and  in  Fig. 
3  (backrest);  the  measurements  have  been  made  in  different  flight  conditions.  Two 
basic  patterns  are  present:  i)  rotational  motion  (rotational  motion  is  that  in  which 
the  acceleration  vector  moves  in  a  circle  in  space);  ii)  translational  motion 
(translational  motion  is  where  the  acceleration  vector  executes  a  sinusoidal  change  in 
magnitude  while  remaining  in  the  same  direction  in  space) .  In  some  cases  the 
combination  of  both  these  patterns  is  present.  We  observed  that  in  most  cases  the 
patterns  of  rotational  motion  are  not  orientated  according  to  one  of  the  three 
coordinate  planes.  Furthermore  the  patterns  of  translational  motion  mostly  are  not 
orientated  according  to  one  of  the  three  coordinate  axes.  Because  of  this,  comparison 
of  similar  or  different  situations  is  very  difficult. 

In  order  to  assist  the  medical  investigator  in  the  analysis  and  to  compare  similar  or 
different  situations,  reorientation  of  the  frame  of  reference  T  into  a  new  one  has 
been  adopted.  The  aim  is  to  orient  the  pattern  of  every  translational  motion  along 
the  z  axis,  and  the  pattern  of  every  rotational  motion  to  the  y-z  plane.  The  results 
so  obtained  are  shown  further  in  this  paper.  In  order  to  achieve  the  reorientation 
the  following  algorithm  has  been  adopted.  The  algorithm  is  explained  with  reference 
to  Cartesian  coordinates,  but  it  is  obviously  still  valid  for  the  polar  coordinates 
used  in  the  Flamsteed  projection. 

We  shall  add  all  th?  vectors  r  that  have  positive  z-components,  so  obtaining  the 
vector  r;  similarly  we  shall  add  all  the  vectors  r  that  have  negative  z-components,  so 
obtaining  the  vector  r„  .  We  consider  next  the  plane  <*  defined  by  the  two  vectors 
r p and  r„  (provided  the  angle  between  these  vectors  (X)  is  different  from  tt  )  and 
on  this  plane  we  drop  the  perpendicular  line  *a  to  the  bisector  of  the  angle  A  (see 
Fig.  4).  Then  we  can  rotate  the  coordinate  system  associated  with  the  whole  of 
vectors  r  around  the  z  axis  and  the  y  axis  in  order  to  superimpose  the  to.  line  on 
the  z  axis.  Because,  after  the  rotation  the  vectors  r  generating  rp  and  rn 
change,  this  procedure  may  need  some  iterations.  If  the  prevailing  motion  in  the 
pattern  under  consideration  is  translational,  the  reorientation  procedure  is  complete. 

On  the  other  hand,  if  the  prevailing  motion  is  rotational,  the  axes  could  now  be 
re-oriented  by  rotation  around  the  z-axis  until  the  prevailing  rotational  motion  is  in 
the  y-z  plane. 

This  procedure  has  been  applied  to  four  vibration  measurements,  of  which  two  were  of 
translational  motion  and  two  were  of  rotational  motion.  Results  are  shown  in  Figure 
5.  In  order  to  show  the  orientation  of  the  original  frame  of  reference  T  after  all 
the  rotations  have  been  carried  out,  the  polar  co-ordinate  grid  corresponding  to  T  has 
been  drawn  in  both  the  original  and  re-oriented  projections.  The  spherical  triangle 
defined  by  the  positive  x,  y  and  z  axes  is  indicated  by  shading.  The  values  of  the 
roll,  pitch  and  yaw  angles  corresponding  to  the  transformation  are  indicated  with  each 
graph.  The  graphs  demonstrate  that  the  prevailing  vibratory  motion,  which  is 
obviously  the  rotational  motion  caused  by  the  main  rotor  of  the  helicopter,  is 
transformed  into  translational  motion  in  some  flight  situations. 

Furthermore,  the  axis  of  rotational  motion  is  not  fixed  in  space,  but  has  its  own 
motion,  and  may  have  different  directions  at  the  seat  pan  and  backrest.  The  motion  of 
the  axis  of  rotation  is  shown  clearly  by  partitioning  a  set  of  2048  measurements 
(samples)  into  segments.  The  result  of  this  partition  is  shown  in  Figure  6:  the  2048 
measurements  (samples)  from  measurement  No.  9  have  been  partitioned  into  16  segments 
of  different  length.  The  variation  in  the  direction  of  the  axis  of  rotation  from 
segment  to  segment  is  evident. 

Griffin  and  Whitham  (8)  have  shown  that,  from  the  point  of  view  of  subjective 
discomfort,  it  is  not  possible  to  distinguish  between  the  case  in  which  vibrations 
along  two  orthogonal  axes  are  in  phase  (with  a  consequent  translational  motion)  and 
the  case  in  which  the  phase  of  the  vibrations  differ  by  90“  (with  a  consequent 
rotational  motion).  This  happens  at  low  frequencies,  as  well. 

Nevertheless,  the  physiological  effects  of  these  two  different  situations  cannot  be 
considered  identical,  neither  in  the  short  term  (backache  etc.)  nor  in  the  long  term 
(arthrosis  etc.)  (26).  Furthermore  from  a  physiological  point  of  view  rotational 
motion  around  an  axis  forward  inclined  cannot  be  regarded  as  identical  to  a  rotational 
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motion  around  an  axis  inclined  in  a  different  way,  e.g.  laterally  inclined. 
Eventually  if  the  axis  of  the  rotational  motion  varies  from  site  to  site,  (e.g.  seat 
to  backrest)  the  trunk  is  subject  to  torsional  stresses,  as  well.  These  observations 
point  out  the  benefits  of  the  proposed  method  to  medical  investigators. 

FREQUENCY  ANALYSIS 

Frequency  analysis  of  the  vibration  present  on  board  a  helicopter  show  the  following 
well  known  results  (3,  9,  13):  spectral  components  around  the  main  rotor  revolution 
frequency  f  and  around  Nf  (being  N  the  number  of  rotor  blades)  are  present,  with 
related  harmonics.  Analogous  phenomena  are  induced  by  the  tail  rotor  but,  due  to  its 
smaller  dimensions,  the  effects  on  the  cabin  are  relevant.  Low  frequency  spectral 
components  probably  related  to  aerodynamic  phenomena  can  be  detected  too.  Some  other 
different  spectral  components  can  be  detected,  but  investigation  of  their  possible 
origin  should  be  carried  out  on  a  case  by  case  basis. 

It  is  interesting  to  compare  the  frequency  analysis  of  the  finite  discrete  time-series 
which  are  related  with  the  three  projections  x,  y  and  z  of  vector  r,  with  the 
frequency  analysis  of  the  finite  discrete  time-series  which  are  related  with  the  three 
projections  x',  y*  and  z'  of  r  along  the  coordinate  axes  of  the  frame  of  reference 
after  the  reorientation.  Figs.  7,  8,  9  and  10  show  frequency  analysis  results  of  some 
measured  acceleration  signals  before  (left)  and  after  (right)  reorientation.  For  each 
axis,  amplitude  representation  is  at  the  top,  phase  representation  is  at  the 
bottom.  Amplitude  and  phase  value  of  the  FFT  spectral  analysis  are  shown  only  if  the 
amplitude  is  greater  than  5%  of  the  overall  maximum  value.  Phase  is  still  shown 
because  in  the  case  of  rotational  motion  it  is  of  interest  to  compare  the  phases  of 
spectral  components  on  the  various  axes. 

Fig.  7  shows  the  analysis  of  measurement  No. 2,  made  at  the  seat  site  just  after  the 
takeoff.  The  blade  frequency,  around  18  Hz  (corresponding  to  5f,  being  here  N=5)  is 
almost  the  only  one.  With  respect  to  reference  frame  T,  the  maximum  value  of  the 
blade  frequency  is  along  z  axis,  and  the  ratio  between  the  amplitude  at  the  blade 
frequency  along  x  axis  and  the  amplitude  along  z  axis  is  0.37;  between  the  amplitude 
along  the  y  axis  and  the  value  along  the  z  axis  this  ratio  is  0.46.  After 
reorientation  these  two  ratios  drop  to  0.13  and  0.14  respectively,  showing  the 
reorientation  has  substantially  identified  the  direction  along  which  the  main  power  of 
the  vibration  is  oriented.  This  direction  is  obviously  the  direction  of  the  z  axis 
after  the  reorientation.  It  is  interesting  to  point  out  that  spectral  components  with 
frequencies  less  than  the  blade  frequency  belong  to  x-z  plane,  and  those  with 
frequencies  greater  than  the  blade  frequency  belong  to  x-y  plane. 

Fig.  8  shows  the  analysis  of  measurement  No.  20,  made  at  the  seat  site  in 
translational  flight  conditions.  Rotational  motion  due  to  spectral  components  along  y 
and  z  axes  (with  a  phase  lag  of  about  90°  and  with  an  amplitude  ratio  equal  to  0.6) 
is  clearly  shown  by  reorientation. 

Fig.  9  shows  the  analysis  of  measurement  No.  9,  made  at  the  seat  Bite  in  hovering 
conditions,  with  ground  effect.  Superior  harmonics  of  the  blade  frequency  have 
considerable  greater  amplitudes  than  in  the  previous  cases.  Rotational  motion  is 
mainly  at  the  blade  frequency  and  to  its  third  harmonic.  Spectral  components  are 
still  present  along  the  x  axis  after  reorientation.  Discomfort  is  considerably 
greater  in  this  situation  than  in  the  previous  as  well. 

As  far  as  measurements  at  the  backrest  site  are  concerned,  the  results  of  frequency 
analysis  is  substantially  similar.  Fig.  10  shows  just  the  analysis  of  measurement  No. 
21,  in  translational  flight. 
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2-  Pattern  of  the  addition  of  the  three  acceleration  vectors  nr  .sured  at 
seat  site.  Flamsteed  projections  for  four  different  flight  conditions. 


3-  Pattern  of  the  addition  of  the  three  acccl  erat  ion  vccl  ors  measured  at  the 
Duckrest  site.  I-' I  a  ms  teed  projections  for  four  different  flight  conditions 


l-'tg.  L -  Procedure  for  automatic  reori_cntat jon  of  the  frame  of  reference  1  . 

0?  r  ;  OP  r  ;  0P'=  |r  I  ;  MP  =  MP?’  ;  0$J.OM  ;  the  vectors  r  and 
r  am!  the  line"  ;  belong  to  plane  a  ;  the  line  ;  and  ~  axis  belong 
to  plane  (t  ;  x  and  j,  axes  belong  to  plane  x  ;  the  angles  Q  and  0  are 
direction  cosines  of  the  line  i  . 


'translational  flight  (backrest)" 


5-  Soi.ie  examples  of  reorientation  of  the  frame  of  reference.  At  the  left,  vectors 
r  arc  represented  with  reference  to  the  frame  defined  by  the  position  of  the 
thriaxial  accelerometer.  At  the  right,  vectors  r  are  represented  with  reference 
to  the  frame  defined  by  the  automatic  reorientation. 
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Kig.  6-  Evidence  that  the  orientation  of  the  rotational  motion  is  variable  with 
the  time,  a:  pattern  of  all  the  2048  vectors  which  are  of  the  measured 
sample;  b...s:  patterns  of  segments  of  the  measured  sample  having  dif¬ 
ferent  lenghts  (all  the  pattern  correspond  to  rotational  motions, but  the 
orientation  of  the  spin  axis  is  always  different). 
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Fig.  7-  FFT  analysis  of  moasurcmont  n.  2  before  (at  the  lief t )  and  after  (at  the  right) 
the  reorientation.  The  Measurement  has  been  made  at  the  seat  site  just  after 
die  takeoff. 
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Fig.  8-  FFT  analysis  of  measurement  n.  20  before  (at  the  left)  and  after  (at  the  right) 
the  reorientation.  The  Measurement  has  been  made  at  the  seat  site  during  a 
translational  flight. 
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MBCOSWOW 

BONDER,  CAi  The  r  1ms  teed  projection  was  used  in  your  paper.  I  as  faailiar  with  the  naae  of 
Flamsteed  as  the  English  Astronomer  Royal,  but  I  as  not  faailiar  with  the  aatheaatical  description  of 
his  projection.  Is  it  the  staple  unfolding  of  the  spherical  surface  onto  a  flat  plane  centered  at  one 

axis? 

ANTONINI,  ITi  He  was  the  faaous  astronoaer,  who  was  the  first  director  of  the  Greenwich  Observ¬ 
atory.  The  aatheaatlcs  of  this  projection  is  not  very  coaplicated.  The  iaportant  thing  to  understand 
is  that  it  is  just  an  unfolding,  a  way  of  napping  a  sphere  onto  a  plane.  It  gives  an  idea  of  how  a 
aoveasnt  in  a  three-diaensional  space  can  be  sapped  onto  a  planet  and  allows  you  to  reduce  froa  three 
diaensions  (which  is  iapossible  to  understand  on  paper)  to  just  two  dlaensions.  It  la  quite  a  comnon 
way  to  do  that. 

BONDER,  CAi  You  described  rotary  action)  and,  I  believe,  you  explained  this  as  accelerations  in 
which  the  two  coaponents  in  the  planes  were  out  of  phase.  Can  you  extend  your  analysis  or  repre¬ 
sentation  to  Include  truly  rotary  notion)  l.e.,  notion  of  the  rigid  seat  about  an  axis?  This  has  been 
considered  as  a  ccaponent  of  vibratory  stress  in  bloaechanics.  Have  you  explored  this  problea? 

ANTONINI,  IT*  We  took  into  account  only  the  problea  of  representing  a  movement  in  space  for  the 
aedlcal  investigator,  who  is  usually  unfaniliar  with  mathematical  concepts.  This  aethod  gives  him  an 
idea  of  aoveaent  in  space.  Obviously,  this  aethod  can  be  applied  to  any  moving  vector,  e.g.,  a  vector 
cardlograa,  for  stress  analysis  in  aircraft  design  projects,  etc.  It  is  just  a  way  to  represent  a  vec¬ 
tor  on  a  plane. 
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MEASUREMENTS  OF  CHANGE  OF  STATURE 
IN  THE  ASSESSMENT  OF  STATIC  AND  DYNAMIC  SPINAL  LOADING 

J.D.6.  Troup.  PhD,  MRCS,  LRCP,  FErgS, 

Senior  Research  Fellow  and  Honorary  Consultant  Physician 
Department  of  Orthopaedic  and  Accident  Surgery,  University  of  Liverpool, 
P.0.  Box  147,  Liverpool  L69  3BX,  England,  UK;  and 
Consultant  and  Visiting  Professor,  Institute  of  Occupational  Health, 
Haartmanl nkatu  1,  Helsinki  29,  Finland. 


Summary 

The  height  of  the  body  In  the  erect  position  varies  by  about  1%  during 
the  course  of  the  day.  It  decreases  rapidly  on  getting  up  and,  depending 
on  the  pattern  of  work  and  rest,  continues  to  reduce  during  the  day,  but 
recovers  overnight.  With  conventional  methods  of  measuring  stature,  these 
changes  would  go  unrecognised.  Apparatus  has  therefore  been  developed 
allowing  measurement  to  an  accuracy  of  at  least  1  mm.  Studies  have  been 
made  of  static  loading,  lifting,  running,  in  different  types  of  seating  and 
in  resting  postures.  In  general,  height  losses  are  proportional  to  the 
magnitude  of  lumbosacral  compression.  In  addition,  height  losses  from 
exercise  are  related  to  the  perception  of  the  exertion  involved;  and  the 
gains  in  height  produced  in  positions  of  rest  are  proportional  to  ratings 
for  relaxation  or  comfort.  For  the  ergonomist,  therefore,  the  method  offers 
a  reliable  means  of  assessing  the  effects  of  work  and  recovery  on  the  spine. 


Introduction 

The  diurnal  changes  in  stature  arise  mainly  from  loss  and  regain  in  the  height  of 
the  load-bearing  structures  of  the  body,  mainly  that  of  the  intervertebral  discs  which, 
in  the  healthy  spine,  amount  to  about  a  third  of  the  length  of  the  vertebral  axis.  Disc 
height  is  reduced  whenever  the  spine  is  loaded  enough  for  the  intradiscal  pressure  to 
exceed  the  osmotic  pressure  in  the  tissues  of  the  disc.  Fluid  is  then  expelled.  When 
the  compressive  load  is  relieved,  fluid  is  imbibed  and  the  height  regained. 

One  of  the  first  to  consider  the  relation  between  backache,  working  posture  and 
spinal  loading  was  Fitzgerald  (1972):  he  developed  an  apparatus  for  measuring  stature 
and  studied  the  effects  of  spinal  loads,  using  aircrew  as  subjects.  But  when  his 
apparatus  was  copied,  attempts  to  reproduce  his  results  were  a  failure.  The  reason 
appeared  to  be  that  the  original  measurements  were  made  not  only  with  the  subject  standing 
erect,  but  against  a  strictly  vertical  surface.  In  subjects  whose  backs  are  not  remrod 
straight,  this  requires  some  static  muscular  effort,  relaxation  is  difficult  and 
repeatable  results  are  elusive.  The  method  now  adopted  is  therefore  to  assess  the 
subjects'  maximal,  but  unstrained,  standing  height  and  observe  the  spinal  posture. 

Support  is  given  in  a  number  of  positions  between  the  head  and  the  sacrum  and  their 
vertical  heights  and  horizontal  positions  are  noted  for  repeat  observations.  The  subject 
is  then  tilted  back  by  between  5°  and  15°,  so  allowing  maximal  standing  height  to  be 
maintained  under  relaxed  conditions. 

The  method  has  been  developed  in  a  series  of  collaborative  studies  in  the  Department 
of  Orthopaedic  and  Accident  Surgery,  University  of  Liverpool;  the  Department  of  Sport  and 
Recreation  Studies,  Liverpool  Polytechnic;  the  Department  of  Production  Engineering  and 
Production  Management,  University  of  Nottingham;  and  the  Division  of  Industrial  Ergonomics, 
Linkoping  Institute  of  Technology,  Sweden.  As  procedures  and  apparatus  have  improved, 
minor  technical  changes  have  been,  and  continue  to  be,  introduced  but  the  method  to  be 
described  has  been  used  consistently  throughout. 

Method 

The  apparatus  consists  of  a  rigid  vertical  framework  with  a  platform  on  which 
subjects  stand  and  a  measuring  device  applied  to  the  vertex.  The  vertical  heights  of 
each  of  the  supports  for  the  body  and  of  the  measuring  device  are  all  adjustable, 
likewise  the  horizontal  projection  of  the  supports,  and  their  positions  recorded  for 
each  subject  so  that  they  can  be  reproduced  for  later  observations. 

Subjects  stand  with  their  heels  in  fixed  positions,  their  feet  straight  and  the 
medial  malleoli  against  a  wooden  block  between  the  feet.  Body  weight  is  evenly 
distributed  between  heels  and  forefeet  using  weighing  scales,  which  are  fitted  flush  with 
the  platform,  under  the  forefeet.  Knees  are  straight  but  not  tensed.  Supports  are 
provided  at  the  levels  of  the  sacrum,  the  hollow  of  the  lumbar  curve,  the  mid-thorax, 
the  hollow  of  the  neck  and  at  the  occiput.  Each  is  provided  with  a  microswitch  so  that 
when  all  switches  read  'on',  the  subject's  posture  has  been  precisely  reproduced.  The 
tilt  of  the  head  is  controlled  using  a  spectacle  frame  and  visual  guidelines. 

The  measuring  device  is  a  displacement  transducer  based  on  a  spring  steel  reed 
fitted  with  strain-gauges  but,  in  addition,  a  dial-test  micrometer  is  fitted  to  provide 
the  observer  with  a  visual  check.  This  device,  which  is  mounted  on  a  vertical  rod  with 
free-running  bearings  and  counter  balanced  to  avoid  excessive  pressure  on  the  head,  is 
then  lowered  into  position.  When  all  microswitches  are  on,  head  position  and  weight 
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distribution  of  the  feet  are  both  correct,  the  measurement  Is  made. 

Some  training  Is  needed:  first,  to  establish  the  comfortable,  maximal  standing  height 
and  the  associated  spinal  posture;  and  secondly,  to  accustom  subjects  to  the  procedure. 

In  order  to  complete  the  standardisation  of  posture.  It  Is  prudent  to  control  the 
respiratory  cycle.  Subjects  stand  with  arms  folded  and  the  measurement  Is  made,  generally 
at  the  end  of  a  normal  expiration.  The  duration  of  training  varies  from  20  to  90  minutes, 
depending  on  the  experience  of  the  observer  and  the  response  of  the  subject  to  the 
testing  environment.  In  all  the  studies  reported,  repeatability  of  the  measurements  has 
been  assessed  for  each  subject  In  successive  observations,  subjects  stepping  out  of  the 
apparatus  between  each  measurement.  For  example,  Tyrrell  et  al.  (1985)  found  that 
Individual  standard  deviations  for  10  consecutive  measurements  ranged  from  0.05  to  0.46  mm 
and  Leatt  (1984)  found  that  In  two  groups  of  subjects,  standard  deviations  averaged  0.36 
and  0.33  mm  respectively.  In  no  Individual  did  accuracy  fall  below  1  mm. 

Results 


Circadian  Variation 

Eklund  &  Corlett  (1984)  measured  stature  at  three  hourly  Intervals  from  1$  hours  to 
1 0 i  hours  after  rising  and  recorded  a  mean  height  loss  of  6.3  mm.  To  simulate  the  effects 
of  sleep,  subjects  lay  down  for  two  hours  after  which  they  had  regained  7  mm.  Reilly  et 
al .  (1984)  measured  8  males,  aged  19-21  years  and  recorded  stature  over  a  24  hour  period 
from  2000  hours,  at  midnight  just  before  going  to  bed,  0345,  0730,  0815,  0900,  1000, 

1200,  1600  and  again  at  2000.  The  peak  to  trough  variation  was  19.3  mm  or  1.1%  of  overall 
stature. 


Static  Spinal  loading  and  Recovery 

Using  a  shoulder  load  of  14  kg  for  one  hour,  Eklund  &  Corlett  (1984)  reported  an 
increase  of  1.8  mm  in  the  height  lost  compared  with  one  hour's  similar  activity  without 
the  shoulder  load.  In  a  further  experiment,  the  height  lost  In  a  1  hour  period  of 
standing  was  1.5  mm.  Immediately  afterwards,  subjects  heTd  a  14  kg  weight  in  one  hand 
for  30  minutes  and  a  further  height  loss  of  2.7  mm  was  recorded.  They  then  lay  down  for 
15  minutes  and  regained  2.5  mm. 

Tyrrell  et  al.  (1985)  reported  the  following  losses  for  8  subjects  after  holding 
barbells  on  the  shoulders  for  20  minutes:- 

10  kg  20  kg  30  kg  40  kg 


5 . 1  mm  7 . 1  mm  9 . 4  mm 


11.2  mm . 


The  subjects  recovered  in  the  standing  position  and  after  10  minutes  had  regained  all  but 
about  2  mm  of  height  lost  under  the  shoulder  loads.  Recovery  after  a  shoulder  load  with 
a  10  kg  rucksack  was  studies  in  both  standing  and  in  Fowler's  position  (supine  but  with 
hips  and  knees  flexed  and  the  legs  supported).  Following  a  loss  of  5  mm,  4  mm  was 
regained  after  10  minutes  standing,  but  6.5  mm  in  Fowler's  position. 

Using  a  waistcoat  with  pockets  for  lead  weights  in  experiments  at  Llnkoping  (Troup 
et  al.  1985),  shoulder  loads  of  up  to  25  kg  were  applied  for  45  minutes  and,  in  addition, 
vertical  traction  of  10  kp  force  was  applied  via  a  pulley  to  a  belt  round  the  chest.  In 
all  five  modes  used  (-10,  0,  +10,  +20,  +25)  the  forces  were  evenly  distributed  front  and 
back.  Apart  from  the  result  for  the  '-10'  mode  there  was  a  significant  relation  between 
height  lost  and  shoulder  load.  The  vertical  traction  of  10  kp  did  not  apparently  unload 
the  spine.  When  the  changes  In  stature  were  plotted  against  the  discomfort  ratings 
obtained,  there  was  a  good  correlation.  The  height  changes  and  the  discomfort  ratings 
were  as  follows:- 


'-10'  'O'  '  +  10 '  '+20 ’  '+25' 

2.03  1.76  2.48  3.41  4.14  (mm  height  loss) 

281  40  182  427  511  (summarised  ratings). 

Lifting  Exercise  and  Recovery 

Tyrrell  et  al.  (1984)  studied  the  effects  of  20  minutes  lifting  at  a  rate  of  12  lifts 
per  minute  with  20  second  breaks  every  2  minutes,  using  10  kg  and  40  kg  barbells.  The 
height  losses  were  6.9  mm  and  14.5  mm  respectively :  significantly  more  than  for  static 
loading  with  the  same  weights.  In  the  10  minutes  after  40  kg  lifting,  8.4  mm  was 
recovered  In  the  standing  position.  In  the  10  minutes  after  the  10  kg  lifting,  6.8  mm 
was  regained  In  the  standing  position  but  7.6  mm  In  Fowler's  position. 


Running 

Height  losses  were  measured  in  9  Inexperienced  and  7  experienced  runners  before  and 
after  completion  of  a  6  km  treadmill  run  at  12.2  km/hr  (Leatt  1984;  Troup  et  al.  1985). 

In  the  last  minute  of  each  run,  subjects  rated  their  sensation  of  perceived  exertion. 

The  Inexperienced  group  lost  3.3  mm  and  the  experienced,  2.4  mm:  the  difference  was  not 
significant.  But  when  height  losses  of  the  inexperienced  runners  were  plotted  against 
perceived  exertion,  there  was  a  significant  correlation  (p  0.05). 

Gravity  Inversion 

Regain  In  stature  was  studied  after  subjects  had  lain,  held  by  the  ankles.  In  supine 
postures  at  angles  of  Inversion  of  50°,  70°  and  90°,  but  also  In  Fowler's  position 
(Leatt  1984;  Troup  et  al.  1985).  Although  there  were  no  significant  differences  between 
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heights  gained  in  the  four  positions,  the  greatest  gain  was  an  average  of  5.6  mm  after 
30  minutes  at  50°  inversion.  Subjects  were  questioned  about  comfort  and  relaxation  and 
the  data  from  all  four  experiments  were  pooled.  Those  who  had  felt  uncomfortable  gained 
the  least  height.  While  subjects  who  reported  the  most  relaxation  maintained  their 
height  gains  in  the  standing  position  which  followed,  more  than  those  who  had  not  felt 
relaxed . 

Si tti ng 

Eklund  &  Corlett  (1984)  compared  losses  in  stature  after  sitting  for  lj  hours:  on 
a  stool  without  backrest,  on  an  office  chair  and  in  an  easy  chair.  In  the  latter  two 
chairs  there  were  no  significant  changes  but  on  the  stool,  subjects  lost  an  average  of 
I  4.6  mm.  They  then  compared  the  effects  of  performing  a  light  pushing  task  while  seated, 

’  with  and  without  a  backrest.  Subjects  pushed  on  a  lever  with  alternate  hands,  exerting 

a  horizontal  force  of  25  N  for  30  minutes.  Without  the  back  rest,  subjects  lost  height 
but  with  it  they  gained  height:  suggesting  that  with  the  backrest,  pushing  enabled  them 
to  unload  their  spines. 

Discussion 

^  Although  this  method  of  measuring  stature  has  proved  remarkably  accurate,  nearly 

^  all  the  subjects  used  in  the  experiments  reported  here  were  young,  healthy  males.  The 

next  stage  in  this  series  is  to  enlarge  the  experience  by  observation  of  a  wider  range 
of  the  population.  Preliminary  results  from  a  series  of  young  females  suggests  that 
their  is  no  substantial  difference  in  the  responses  to  loading  between  the  two  sexes. 
Older  and  stiffer  subjects  have  yet  to  be  studied.  But  what  remains  uncertain  is  the 
proportion  of  the  population  and  of  its  sub-groups  who  are  resistant  to  measurement. 

The  possibility  that  some  people  will  prove  immune  to  repeatable  measurement  must  be 
foreseen. 

Nevertheless,  the  method  has  a  very  clear  potential  in  ergonomics  and  occupational 
health.  The  fact  that  changes  in  stature  have  been  shown  to  relate  not  only  to 
biomechanical  but  to  psychophysical  factors  is  highly  significant.  With  small  groups  of 
subjects,  the  effects  of  exercise  and  recovery  can  be  studied  in  periods  of  less  than  an 
hour  and  the  effects  of  sedentary  work  in  periods  not  much  longer.  Great  care,  though, 
is  needed  to  standardize  the  timing  of  observation.  The  circadian  variation  itself 
represents  the  largest  single  factor  so  far  recognised  and  in  all  the  studies  quoted, 
observations  have  been  made  at  the  same  time  on  each  day  of  measurement. 

The  typical  model  for  circadian  variation  in  stature  (Reilly  et  al.  1984)  shows  a 
smooth  exponential  curve  as  the  rate  of  height  loss  slows  in  the  course  of  the  day 
followed  by  a  rapid  recovery  after  going  to  bed.  But  it  is  evident  from  these  studies 
that  there  are  major  departures  from  this  model  as  periods  of  activity  and  rest-pauses 
interweave  through  the  day.  It  has,  of  course,  been  foreseen  that  in  the  morning  a 
given  loading  will  have  a  greater  effect  in  reducing  height  than  the  same  load  late  in 
the  evening  and  preliminary  experiments  in  females  have  confirmed  it  (Wilby  1985).  It 
is  possible  that  the  problem  of  how  to  make  observations  at  more  or  less  any  time  of  the 
day  can  be  overcome  by  Imposing  a  standardised  period  of  rest  beforehand,  but  this  needs 
further  investigation. 

In  conclusion,  it  should  perhaps  be  remembered  that  Interest  in  this  subject  arose 
from  Fitzgerald's  concern  with  the  relation  between  back  symptoms  and  sedentary  postural 
stress.  It  has  to  be  admitted  that,  as  yet,  we  know  rather  little  about  the  relation 
between  symptoms  and  reductions  in  stature.  Though  the  method  has  any  number  of 
ergonomic  applications  right  now,  there  are  many  clinical  problems  still  to  be  solved. 
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DISCUSSION 

AKKERVEEKEN ,  NE:  Was  the  discomfort  rating  according  to  that  of  Cor Lett  and  Bishop  (Ergonomics 
19:  175-182,  1976)7 

TROUP,  UK:  Yes, 

SANDOVER,  UK:  You  mentioned  the  effect  of  age  on  the  method.  I  assume  that  this  is  due  to  the 
fact  that  the  disc  is  changing  its  characteristics.  Could  you  comment  on  how  that  affects  the  sieasure- 
ment? 


TROUP,  UK:  My  comment  on  age  related  to  the  previous  studies  of  stature  by  Kramer,  in  Germany. 
We  have  only  got  one  small  saatple,  but,  nonetheless,  it  confirms  that  there  are  age-related  changes. 
The  significance,  supposing  that  we  want  to  look  at  changes  in  stature  in  55  year-olds,  so  to  speak,  is 
that  we  may  require  rather  more  subjects,  depending  on  how  repeatable  the  measurements  are,  because 
they  will  probably  have  a  maximal  diurnal  variation  of,  shall  we  say,  60%  of  that  of  younger  people. 
(It  may  be  that,  but  we  don't  know  these  figures  yet.  That  is  why  we  still  have  a  few  more  studies  to 
do  to  fully  validate  our  method  for  all  types  of  population.) 

SANDOVER,  UK:  Is  this  all  to  be  done  on  young  subjects? 

TROUP,  UK:  Mainly,  yes. 

SINGER,  PO:  I  would  like  to  ask  two  questions.  The  first  question  is  whether  the  height  losses 
are  homogeneous  in  all  vertebral  segments,  or  if  there  is  any  segment  which  may  be  affected  more  great¬ 
ly?  The  second  question  is:  ’Physiotherapists  often  use  distraction  to  alleviate  lumbar  pain.  Must 
we  understand  that  height  loss  has  nothing  to  do  with  height  gain,  notwithstanding  the  clinical  bene¬ 
fit?" 


TROUP,  UK:  With  regard  to  the  homogeneity  of  height  losses  at  different  levels  of  the  lumbar 
spine,  I  can't  answer  your  question.  So  far,  we  haven't  developed  a  technique  for  looking  at  the 
height  loss  at  different  levels:  and  I  think,  almost  certainly,  that  radiography  would  be  far  too  in¬ 
sensitive.  We  can  only  assume,  or  state  a  hypothesis,  that  the  height  loss  will  be  somewhat  greater, 
relatively  speaking,  in  the  lumbar  region  simply  because  of  the  higher  biomechanical  loading.  Of 
course,  we  have  to  take  into  account  the  area  of  the  disc  under  load.  My  answer  to  your  question  is: 
"No  we  don't  know".  Your  second  question  concerns  the  effects  of  therapeutic  traction.  I  think  the 
lesson  from  what  we  have  learned  here  is  that,  if  you  believe  in  traction,  and  if  you  believe  in  pos¬ 
tures  which  take  the  load  off  the  spine,  then  both  the  traction  which  you  apply  and  the  positions  in 
which  you  put  the  patient  must  be  comfortable.  I  am  sure  my  physiotherapist  would  agree  with  me  that, 
if  you  apply  traction  and  the  patient  is  not  comfortable,  then  you  are  not  going  to  do  them  any  good. 
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SUMMARY 


Aircrew  have  long  complained  of  backache.  The  backache  is  seldom  severe,  but  frequently  interferes 
with  flying  performance  and  is  very  distracting.  A  survey  '«as  conducted  amongst  OK  aircrew  in  1971 
which  showed  that  aircrew  suffer  from  backache  twice  more  frequently  than  groundcrew,  pilots  suffer  more 
than  other  aircrew  members  and  that  ejection  seats  caused  more  backache  than  other  types  of  seats. 

The  survey  also  showed  that  half  the  aircrew  never  suffered  from  backache  on  the  ground.  The  incidence 
of  backache  was  high,  13#  of  pilots  suffered  on  every  flight,  22#  suffered  once  a  week  whilst  ^5# 
suffered  once  a  month. 

The  backache  is  caused  by  the  sitting  position  and  design  of  the  seat,  which  leads  to  loss  of  the 
lumbar  curve.  When  the  lumbar  curve  is  restored  by  means  of  a  curved  rigid  pad  applied  to  the  back, 

50#  of  aircrew  report  that  the  backache  is  greatly  improved  and  in  32#  of  cases  completely  resolved. 

A  scheme  has  been  underway  for  some  years  in  the  UK  to  provide  lumbar  pads  for  aircrew  complaining 
of  backache.  The  pads  are  simple  and  cheap  to  produce  and  are  easy  to  use.  However,  the  major  dis¬ 
advantage  is  that  they  require  a  mould  for  the  individual's  lumbar  curve  and  then  they  cannot  be  used 
by  other  aircrew.  This  disadvantage  aside,  the  scheme  has  been  a  success  and  will  be  continued. 

Aircraft  seat  designs  both  for  ejection  seats  and  helicopter  crew  seats  now  incorporate  lumbar 
support  curves  to  prevent  both  loss  of  the  lumbar  curve  and  the  subsequent  backache  in  aircrew.  The 
incidence  of  backache  in  aircraft  incorporating  these  new  designs  is  considerably  lower. 

INTRODUCTION 


Low  back  pain  must  be  one  of  the  most  common  complaints  of  civilized  man.  Much  of  this  is  due  to 
his  erect  position  combined  with  the  requirements,  in  many  occupations,  to  carry  heavy  loads  with  the 
back  flexed,  a  poor  posture  for  load  carrying.  In  addition,  sitting  for  long  hours  at  poorly  designed 
workplaces  can  aggravate  this  complaint.  Amongst  these  workplaces  must  be  included  the  cockpits  of 
aircraft  where  the  requirement  to  fit  all  the  controls  and  instruments  in  a  small  space  has  left  in¬ 
sufficient  room  and  comfort  for  the  aircrew  to  operate  successfully. 

Thus  backache  in  aircrew  is  very  common  and  has  been  accepted  for  some  time  because  aircrew  rarely 
have  received  much  relief  and  sometimes  their  career  depended  to  a  certain  extent  in  its  acceptance  as 
an  occupational  discomfort.  Aircrew  are  often  loath  to  seek  advice  if  grounding  could  be  considered 
as  treatment. 

Backache  in  aircrew  can  be  defined  as  pain  in  the  mid  line  of  the  lower  back,  usually  without 
radiation,  which  occurs  in  flight  and  may  persist  afterwards.  The  severity  and  incidence  is  variable, 
it  can  occur  on  every  flight  commencing  minutes  after  strapping-in  in  severe  cases,  or  be  just  mild 
discomfort  only  after  some  hours  in  the  aircraft  and  then  only  during  intensive  phases  of  flying. 

BACKACHE  CASSATION 

Fitzgerald  (1968)  first  examined  the  problem  of  backache  in  aircrew  in  the  OK.  He  described  the 
anatomy  and  physiology  of  the  lower  lumbar  spine  and  how  lumbar  lordosis  (ie  an  anterior  convex  curve) 
was  acquired  in  childhood.  As  the  standing  posture  is  achieved  and  the  legs  extend,  the  hip  joint 
flexors  do  not  extend  completely  and  this  tilts  the  sacrum  forward.  To  regain  the  vertical,  the  lumbar 
spine  curves  backwards  and  causes  lordosis. 

The  spinal  posture  is  dictated  by  the  pelvic  angle  and  is  a  function  of  muscle  tone,  ligamentous 
support  and  efficient  proprioception.  When  sitting,  the  gluteii  and  posterior  thigh  (hamstring)  muscles 
are  stretched  and  they  tilt  the  pelvis  rearwards.  This  flattens  the  lumbar  curve,  reduces  the  lordosis 
and  directs  pressure  on  the  anterior  portions  of  the  intervertebral  discs.  In  compensation,  the  discs 
bulge  posteriorly  and  stretch  the  posterior  longitudinal  spinal  ligament  which  is  very  pain  sensitive. 
When  seated  in  an  aircraft  for  some  hours,  particularly  when  strapped  to  the  seat  which  restricts  all 
movements,  the  para-vertebral  muscles  become  fatigued  and  the  loss  of  lordosis  becomes  marked.  This 
causes  tension  of  the  posterior  longitudinal  ligament  which  can  be  quite  severe.  Chronic  exposure  to 
this  position  causes  damage  to  the  diac  and  associated  ligaments  and  the  associated  pain  can  cause  spasm 
of  the  erector  spinas  and  hamstring  muscles.  The  pain  and  discomfort  can  only  be  relieved  by  leaving 
the  seat  and  stretching  and  flexing  the  lumbar  spine,  however  the  discomfort  can  persist  for  some  hours. 

On  the  other  hand,  a  position  of  comfort  is  obtained  where  the  antagonistic  anterior  and  posterior 
thigh-trunk  muscle  groups  are  balanced  at  about  a  thigh-trunk  angle  of  135°.  This  is  the  angle  adopted 
in  sleep.  This  angle  can  be  attained  in  some  easy  chairs  but  never  in  aircraft  where  the  feet  are 
required  to  control  rudders  and  space  is  at  a  premium  whieg  requires  an  angle  of  90°  or  less.  Interest¬ 
ingly,  seme  new  typist  chairs  are  being  marketed  Where  135  can  be  achieved  by  balancing  pressure  on  the 
front  of  the  shins  to  that  on  the  buttocks.  However,  this  concept  is  of  little  use  in  most  aircraft 
because  the  feet  could  not  control  the  rudder  pedals  in  that  position. 


29-2 


Aircraft  seats  require  a  trunk-thigh  angle  nearer  90  and  often  induce  a  leaning  forward  position 
as  parachute  packs  are  positioned  behind  the  shoulders.  The  combination  of  pelvic  tilt  and  thoracic 
forward  flexion  eliminates  the  lumbar  lordosis  and  discomfort  or  pain  results.  The  nature  of  the  sitting 
platform  itself  can  further  aggravate  the  problem.  If  the  platform  is  too  soft,  the  ischial  tuberosities 
will  sink  into  the  cushion  and  further  decrease  the  thigh  to  torso  angle  and  cause  more  pelvic  tilt. 

A  rigid  flat  platform  will  also  cause  discomfort  as  all  the  weight  is  supported  by  the  tuberosities  and 
the  local  high  pressure  will  be  painful.  However,  a  rigid  but  shaped  panel,  following  the  contour  of 
the  buttocks  and  ischial  tuberosities  will  be  more  comfortable  because  the  rigid  platform  will  prevent 
further  thigh-torso  flexion,  and  the  contoured  surface  will  redistribute  the  sitting  pressure  over  a  wider 
area. 

ALLEVIATION  OF  BACKACHE 


Fitzgerald  (1968)  noted  that  given  the  deficiencies  of  many  aircraft  seats,  an  effective  remedy 
would  be  to  reimpose  the  lumbar  lordosis  by  means  of  a  pad  placed  behind  the  lumbar  curve  and  resting 
against  the  vertical  surface  of  the  seat  back.  This  pad  should  be  between  5  and  25  mm  thick  but  no 
single  measure  would  suffice  for  all.  Vhen  aircrew  sat  on  a  bare  sitting  platform  and  rested  their  backs 
against  a  vertical  flat  surface,  he  observed  a  gap  between  the  skin  over  the  lumbar  spine  and  the  seat 
back.  Rarely  was  this  gap  more  than  25  mm  and  in  a  few  cases  there  was  no  measurable  gap  at  all. 

However,  the  majority  exhibited  a  space  between  the  seat  back  and  lumbar  curve  and  when  a  pad  was  intro¬ 
duced  into  this  gap,  it  supported  the  lumbar  spine  and  gave  considerable  symptomatic  relief  especially 
to  those  aircrew  who  had  earlier  complained  of  backache  in  aircraft. 

The  variability  of  this  gap  lead  Fitzgerald  and  co-workers  to  devise  a  concept  of  custom  fitting 
lumbar  pads.  However,  a  method  was  required  to  record  the  contours  of  the  lumbar  curve  in  relation  to 
the  seat  back  before  these  pads  could  be  made.  In  1965,  Fitzgerald,  Sharp  and  Barwood  described  a  method 
of  casting  body  contours  by  using  polyvinyl  chloride  or  polystyrene  spheres  in  a  flexible  container 
moulded  to  the  contour  of  the  back.  The  contour  was  held  in  that  shape  by  evacuating  all  the  air  from 
the  container  so  that  the  spheres  coalesced.  This  rigid  contour  could  then  be  used  as  a  mould  for  a  pad 
made  of  fibreglass  which  when  prepared  was  an  exact  replica  of  the  contour  of  the  individual  lumbar  curve. 
By  permitting  air  to  re-enter  the  container  of  the  plastic  spheres,  the  device  could  be  used  many  times. 

BACKACHE  SPRVEYS 


This  device  was  used  to  produce  some  50  lumbar  pads  for  aircrew  who  complained  of  backache  in  flight. 
Early  reports  were  most  encouraging.  Only  one  of  the  fifty  received  no  benefit  but  he  had  sustained 
severe  spinal  injury  earlier.  Another  pilot  who  reported  only  slight  improvement  had  early  ankylosis 
spondylitis.  Of  the  remaining,  6256  reported  complete  relief  and  3,(56  admitted  marked  improvement  of  their 
symptoms.  A  later  survey  (Fitzgerald,  1973)  of  the  use  of  200  such  lumbar  supports  showed  that  5056  of 
the  users  were  symptom  free  and  3156  had  a  marked  improvement.  However,  before  the  use  of  such  lumbar 
supports  could  be  justified  as  a  routine,  a  survey  of  the  extent  of  aircrew  backache  was  required.  This 
was  conducted  in  the  RAF  in  1970.  Fitzgerald  and  Crotty  (1971)  reported  on  a  questionnaire  survey  of 

some  2000  aircrew  and  groundcrew.  They  found  that  backache  was  twice  as  common  in  aircrew  than  ground- 

crew,  pilots  complained  more  than  other  aircrew,  pilots  using  ejection  seats  complained  of  backache  more 
frequently  than  those  using  fixed  seats  and  that  helicopter  aircrew  suffered  most  of  all.  More  than 
half  of  the  pilots  who  complained  of  backache  never  suffered  from  backache  when  they  were  not  flying. 

In  particular,  13 %  of  RAF  pilots  experienced  backache  every  time  they  flew,  22 %  suffered  from  backache 
or  back  pain  once  a  week  when  flying,  whilst  '« 0 %  developed  back  pain  at  least  once  a  month.  The  back¬ 
ache  was  also  associated  with  fatigue,  irritability,  distractions  in  flight  and  interfered  with  post- 
flight  sleep  and  relaxation. 

The  data  retrieved  permitted  a  'black  list'  of  aircraft  to  be  produced  with  the  worst  incidence  and 
persistence  of  symptoms.  The  Canberra  T  Mk  with  a  very  unergonomic  position  of  ejection  seats  took 
worst  position,  next  came  the  Jet  Provost  with  its  bulky  parachute  pack  just  behind  the  shoulders  and 
soft  seat  cushion,  then  the  Vulcan  and  Victors  where  the  long  duration  of  the  sorties  clearly  added  to 
the  problem.  Amongst  the  helicopters,  Fitzgerald  and  Crotty  (1971)  singled  out  the  Whirlwind  Mk  10  and 
Wessex  Mk  2  as  worst  offenders.  The  Whirlwind  because  of  the  necessity  to  lean  forward  to  obtain  suffi¬ 
cient  forward  vision  under  the  top  of  the  windscreen  and  the  Wessex  because  most  respondents  felt  that 
some  degree  of  reclination  to  offset  the  forward  tilt  was  required. 

Backache  in  Helicopters 

The  backache  complained  of  by  helicopter  pilots  is  different  in  character  and  position  from  that 
caused  by  other  aircraft  and  is  due  to  other  mechanisms.  When  controlling  a  helicopter,  the  right  arm 
which  grasps  the  stick  is  rested  on  the  right  thigh  to  prevent  any  vibrations  of  the  helicopter  moving 
the  right  arm  holding  the  stick.  In  order  to  do  this  the  pilot  must  bend  forwards  slightly  and  tilt  to 
the  right.  At  the  same  time,  both  feet  are  required  on  the  rudder  pedals  and  pressure  is  required  during 
flight  to  adjust  the  thrust  provided  by  the  anti-torque  tail  rotor.  This  pressure  decreases  the  pelvic 
tilt  as  the  force  transmitted  by  the  legs  pushes  the  upper  part  of  the  pelvis  resrwards.  The  left  hand 
meanwhile  holds  the  collective  lever  as  this  controls  the  pitch  and  thus  the  power  output  from  the  main 
rotor.  To  reach  and  lift  up  the  lever  the  spine  must  rotate  to  the  left.  This  scoliosis  and  twist  of 
the  spine  produces  pain  on  the  left  side  at  the  junction  of  the  thoracic  and  lumbar  vertebrae.  A  second 
area  of  pain  at  the  level  of  the  right  shoulder  blade  is  caused  by  the  effort  to  extend  the  right  arm  to 
the  stick.  The  pelvic  position  reduces  lumbar  lordosis  but  increases  discomfort. 

Furthermore,  the  nose  down  attitude  which  helicopters  usually  adopt  in  flight,  especially  with  under¬ 
slung  loads,  tends  to  throw  the  pilot  forward  out  of  his  seat.  Any  compensatory  tightening  of  the 
shoulder  harness  further  distorts  the  spinal  curves.  Thus  helicopter  pilots  have  more  florid  symptoms 
and  pain  higher  up  the  spinal  column  than  their  fixed  wing  brethren. 
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A  later  survey  examined  backache  in  the  Gazelle  helicopter  (Braithwaite  et  al  1981).  They  found 
that  57%  suffered  backache  on  flights  lasting  more  than  one  hour,  19$  had  backache  after  intensive  flying 
(20  hrs  in  10  days),  111$  noted  backache  during  some  flights  whilst  8%  suffered  during  most  flights.  77% 
of  all  respondents  found  the  Gazelle  seat  uncomfortable.  They  recommended,  amongst  other  features,  that 
additional  lumbar  supports  be  provided  by  an  adjustable  pad,  that  the  seat  be  reclined  by  5-10  and  that 
lumbar  pads  be  provided  for  Gazelle  aircrew. 

LUMBAR  SUPPORTS 


Since  1971,  lumbar  supports  have  been  offered  to  all  aircrew  in  the  RAF  with  lower  backache  and  their 
use  continues  to  grow  with  gratifying  results  in  the  attenuation  of  symptoms. 

The  lumbar  supports  are  made  using  the  procedure  originally  described  by  Fitzgerald  (1973)  with  a 
few  later  refinements.  The  procedure  for  issue  is  as  follows. 

The  first  step  for  a  complainant  is  to  approach  his  Service  Medical  Officer.  The  Medical  Officer 
will  examine  the  patient  and  if  he  is  convinced  that  the  backache  is  postural  in  origin  and  not  due  to 
underlying  pathology  he  will  request  an  appointment  at  the  Royal  Air  Force  Aviation  Medicine  Training 
Centre  (AMTC)  at  RAF  North  Luffenham  in  Leicestershire,  UK.  On  receipt  of  the  request,  an  appointment 
is  offered  and  the  patient  attends  for  fitting.  Hie  history  is  confirmed,  acute  cases  are  delayed  for 
resolution  and  in  patients  with  severe  pain  and/or  spinal  spasm,  treatment  is  postponed.  A  special 
fitting  seat  is  prepared  to  which  can  be  fitted  a  rubber  blanket  containing  a  permeable  tightly-woven 
cotton  pad  filled  with  many  small  spheres  of  polystyrene.  To  contain  the  spheres  laterally,  the  pad  is 
seamed  vertically  at  25  mm  intervals  and  closed  top  and  bottom. 

Fitting 

The  patient  strips  to  the  waist  and  belts  and  other  bulky  articles  are  removed.  He  then  sits  in 
the  fitting  seat  in  a  position  of  comfort  so  that  the  Medical  Officer  can  view  his  lumbar  curve  from  the 
side.  He  then  decides  whether  the  curve  is  adequate  or  requires  restoration  by  assessing  the  subjective 
improvement  of  the  patient  when  pressure  is  applied  to  the  back.  The  patient  then  leaves  the  seat  and 
the  rubber  blanket  containing  the  polystyrene  spheres  is  placed  over  the  seat  back.  The  blanket  is  care¬ 
fully  positioned  then  the  patient  sits  in  the  seat  and  again  is  carefully  positioned  with  respect  to  both 
seat  and  blanket.  If  the  Medical  Officer  considers  that  the  patients  lumbar  curve  requires  additional 
support,  this  is  provided  through  the  rubber  blanket.  Then,  while  this  position  is  maintained,  the  air 
inside  the  blanket  is  evacuated  by  means  of  a  small  vacuum  pump.  This  causes  the  polystyrene  spheres 
to  lock  one  against  the  other  so  that  the  patient  may  now  leave  the  seat  and  the  blanket  can  be  removed 
as  a  rigid  board  but  bearing  an  accurate  imprint  of  the  patient's  lumbar  curve.  The  blanket  profile  is 
laid  on  a  work  bench  and  examined  for  wrinkles,  creases  and  other  defects.  If  these  are  present,  the 
blanket  is  inflated  and  the  process  repeated.  When  an  accurate  mould  is  obtained  the  patient  dresses, 
is  briefed  about  the  use  of  the  pad  and  the  completion  of  a  questionnaire  into  its  utility.  The  lumbar 

support  is  despatched  to  him  later. 

Manufacture 


Hie  blanket  is  then  used  to  make  the  lumbar  support.  Layers  of  glass  fibre  are  placed  on  the 
blanket  to  flatten  the  interaeam  variations  and  a  layer  of  mylar  polyester  film  (5  microns  thick)  is 
placed  on  the  glass  fibre.  Six  further  pieces  of  glass  fibre  are  laid  on  the  mylar  and  bound  together 
with  resin.  The  mixture  is  left  to  set  for  24  hrs  at  room  temperature.  When  the  fibre  glass  is  rigid 
it  is  removed  from  the  blanket.  The  blanket  can  now  be  cleaned,  reflated  and  used  for  another  patient. 

The  fibre  glass  is  cut  and  trimmed  to  size  (approx  300  mm  square)  and  the  patient's  name  and  other  details 
are  incorporated  into  the  back  of  the  support  including  an  indication  of  the  'top'  of  the  support  with 
respect  to  the  wearer  as  the  supports  are  never  symmetrical,  across  the  horizontal  plane. 

A  waist  strap  is  made  and  applied  and  fixed  to  the  support  with  epoxy  resin  glue.  Then  polyether 
foam  is  applied  to  the  front  surface,  stuck  and  trimmed  and  covered  with  a  Jersey  cloth  which  is  stuck 
around  the  edge  of  the  support.  After  final  inspection,  the  support  is  dispatched  to  the  patient. 

Instructions  for  Use 


The  patient  is  instructed  to  use  the  support  whenever  he  flies  and  in  any  other  seat,  be  it  car  or 
theatre,  that  aggravates  his  backache.  He  is  cautioned  never  to  lend  it  to  another  sufferer  as  it  is 
personal  to  him,  neither  is  he  to  use  one  made  for  another.  On  rare  occasions,  the  support  gives  very 
good  relief  initially  which  then  disappears.  When  this  happens,  the  patient  is  asked  to  return  for  a 

check  of  the  compatibility  of  patient  and  support.  Sometimes  the  action  of  the  support  assists  the 
lumbar  spine  to  such  an  extent  that  the  lumbar  curve  changes  radically  and  another  support  shape  is 
indicated.  This  second  support  always  provides  continued  relief. 

When  the  support  is  used  together  with  an  ejection  seat,  the  support  should  be  worn  underneath  the 
flying  coverall  to  prevent  the  support  flailing  during  the  escape  sequence.  This  will  be  reviewed  in 
future  ejection  tests  with  a  more  effective  method  of  attaching  the  support  to  prevent  flailing.  Recent 
combinations  of  Aircrew  Clothing,  particularly  the  use  of  an  external  anti-G  suit,  have  prevented  the 
support  being  worn  under  the  coverall. 

The  Medical  Officer  at  the  patient's  individual  Station  is  asked  to  check  the  suitability  of  the 
support  in  the  aircraft  in  question  and  also  to  supervise  the  return  of  the  completed  questionnaire 
detailing  the  patient's  report  of  the  effect  of  the  support  on  his  original  symptoms. 

Since  1976,  the  manufacture  of  aircrew  lumbar  supports  has  been  undertaken  principally  at  AMTC. 
Before  that  date  all  supports  were  produced  at  the  RAF  Institute  of  Aviation  Medicine,  Farnborough. 
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With  the  change  of  manufacturing  location,  a  questionnaire  was  introduced  and  these  provide  a  very  useful 
source  of  data.  Two  hundred  and  thirty-nine  supports  have  been  made  at  AMTC  up  till  December  1984. 

QUESTIONNAIRE  DATA 

Each  support  was  despatched  with  the  questionnaire  for  completion  and  return.  However,  not  every 
questionnaire  was  returned  as  one  would  expect  in  such  a  voluntary  system.  However,  a  sufficient  number 
were  returned  for  analysis  and  the  conclusions  of  the  questionnaires  returned  during  1983  and  1984  are 
presented  here. 

In  these  two  years,  85  supports  were  made  and  31  questionnaires  were  returned.  Hie  questionnaires 
asked  first  about  the  frequency  and  severity  of  the  pain  experienced.  5  respondents  ( 16#)  complained 
of  pain  on  every  flight,  21  (69#)  said  it  occurred  frequently  and  5  (16#)  described  as  'occasional'. 

Hie  duration  of  the  pain  was  described  as  'only  during  the  sortie'  by  3  (10#)  'for  up  to  4  hours 
after  the  sortie'  by  12(39#),  'all  day  after  the  sortie'  by  8  (26#)  and  'longer  than  the  day  of  the  sortie* 
by  8  (26#). 

The  average  of  the  flying  hours  flown  since  the  lumbar  support  was  issued  was  40  with  a  range  of  10- 
180  whilst  the  number  of  hours  flown  with  the  lumbar  support  was  35  average,  range  10-90. 

The  handling  of  the  support  in  the  cockpit  was  described  as  'no  bother  at  all'  by  20  (65#),  'no 
bother  once  I'd  got  used  to  it'  by  9  (29#),  'a  bit  of  a  nuisance  at  first'  by  1  (3#)  and  'a  nuisance  all 
the  time '  by  1  ( 3#) - 

In  the  aircraft,  26  (84#)  considered  the  positioning  of  the  support  'took  no  time  at  all'  and  5  06#) 
thought  it  'took  a  minute  or  more'.  No  one  said  it  'took  far  too  long'. 

Once  the  support  had  been  positioned,  13  (42#)  said  the  support  'did  not  shift',  17  (55#)  said  it 
'shifted  a  little  occasionally'  and  1  (3#)  thought  it  'shifted  considerably'. 

During  the  flight  13  (42#)  of  aircrew  were  'unaware  of  the  support',  18  (58#)  were  'occasionally 
aware  of  the  support',  but  no-one  was  'aware  of  the  support  to  the  point  of  distraction'. 

The  ability  to  control  the  aircraft  was  'improved'  in  4  replies  (13#)  'unchanged'  in  24  (75#)  but 
never  'diminished'. 

The  sitting  comfort  with  the  support  was  'greatly  improved'  in  16  (52#),  'improved'  in  12  (39#)  and 
'unchanged'  in  3  (10#).  It  was  never  reported  as  'reduced'  or  'greatly  reduced'. 

Using  the  support  the  backache  had  'disappeared  entirely'  in  10  (32#)  or  was  'considerably  less'  in 
20  (65#).  It  was  never  reported  as  'present  as  before',  'worse'  or  'much  worse'. 

The  fatigue  after  the  sorties  was  described  as  'less  fatigued  than  usual'  by  18  (58#),  'about  the 
same'  by  12  (39#)  but  never  'more  fatigued  than  usual'. 

Some  aircrew  did  not  complete  the  questionnaire  thus  the  percentages  are  approximate  in  some  cases. 

These  data  can  be  summarized  as  coming  from  aircrew  with  pain  on  the  majority  of  flights  which  per¬ 
sisted  for  some  time  afterwards.  They  experienced  little  difficulty  in  handling  or  positioning  the 
support  and  it  moved  little  in  flight.  They  were  on  the  whole  unaware  of  the  support  in  flight  and  it 
did  not  affect  their  control  of  the  aircraft.  However,  the  sitting  comfort  was  improved  in  the  vast 
majority  and  all  said  the  backache  had  either  disappeared  or  was  considerably  less.  There  was  less 
fatigue  after  the  flight  as  a  result  of  wearing  the  support. 

The  returns  about  flying  hours  showed  that  the  improvements  had  lasted  some  40  hrs  on  the  average 
and  that  the  supports  had  been  worn  for  almost  all  that  time.  Many  respondents  said  they  used  the 
supports  to  good  effect  in  car  and  other  seats. 

Aircrew  were  also  asked  for  their  comments  on  any  improvements  they  would  like  to  see  incorporated 
and  many  of  these  are  sensible  and  are  worthy  of  consideration.  A  washable  cover  was  asked  for  and 
would  certainly  make  it  a  more  attractive  item  of  flying  clothing.  A  more  ventile  or  'cooler'  covering 
material  was  often  requested.  The  belt  was  sometimes  described  as  too  short  or  too  thin  and  a  better 
fastening  than  touch  and  close  fastener  would  be  an  improvement. 

The  instruction  to  wear  the  support  under  outer  clothing  in  ejection  seats  was  difficult  to  comply 
with  in  some  cases  as  the  bulk  of  the  support  could  not  always  be  accommodated  under  an  immersion  suit; 
the  trials  to  clear  the  support  for  external  use  mentioned  earlier  should  help  in  this  regard. 

The  helicopter  pilots  did  receive  considerable  relief  particularly  in  the  case  of  the  Alouette 
which  has  a  very  uncomfortable  seat.  The  relief  has  been  so  noticeable  that  all  UK  Army  aircrew  pro¬ 
ceeding  to  Cyprus  for  duty  in  Alouette  helicopters  are  now  issued  with  a  lumbar  support  as  a  prophylactic 
measure  even  before  they  have  flown  the  aircraft  or  complained  of  backache. 

A  good  impression  of  the  types  of  aircraft  seats  which  causa  backache  can  be  ascertained  by  examin¬ 
ing  the  numbers  and  types  of  aircraft  flown  by  the  aircrew  asking  for  and  issued  with  lumbar  supports. 

An  obvious  exception  is  the  Alouette  %Ai ere  all  aircrew  receive  the  support  as  described  above,  because 
there  is  little  feedback  on  how  many  Alouette  aircrew  actually  use  the  support.  The  data  show  that  all 
other  aircrew  do  use  their  supports. 
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Over  the  years  1978-84,  162  supports  in  toto  have  been  issued  by  AMTC  to  aircrew  flying  the  following 
aircraft  types: 

Fixed  Wing:  Jet  Provost  25,  Harrier  11,  Hawk  9,  Phantom  9, 

Canberra  8,  Victor  8,  Jaguar  6,  Nimrod  6,  Vulcan  4, 

Buccaneer  4,  Andover  3,  VC  10  2,  Bulldog  2,  Hercules  2, 

Hunter  2,Shackleton  1,  Tornado  1,  Lightning  1 

Helicopters:  Alouette  19,  Gazelle  15,  Wessex  13,  Sea  King  7, 

Puma  3,  Chinook  1 

In  the  years  1983/84  which  relate  to  the  questionnaire  data,  the  distribution  was: 

Fixed  Wing:  Jet  Provost  13,  Harrier  5,  Phantom  4,  Victor  4, 

Buccaneer  3,  Nimrod  3,  Canberra  2,  Hunter  1,  VC  10  1, 

Hercules  1,  Tornado  1,  Bulldog  1 


Helicopters:  Alouette  12,  Gazelle  8,  Wessex  7,  Sea  King  7,  Puma  3 


The  Jet  Provost  holds  first  place  in  the  fixed  wing  fleet  while  the  incidence  of  discomfort  in  the  Gazelle 
has  changed  little  since  Braithwaite  et  al  (1981)  did  their  earlier  survey. 

These  data  also  confirm  that  the  design  of  modern  ejection  seats  has  done  much  to  alleviate  backache. 
In  the  Mk  9  and  10  series  of  Martin  Baker  seats,  the  lumbar  profile  which  has  been  offered  to  backache 
sufferers  has  been  incorporated  into  the  seat  back  rest.  Although  not  an  individually  moulded  contour, 
it  does  feature  both  vertical  and  horizontal  curvatures  and  it  approximates  the  mean  lumbar  curve  of  all 
ai rcrew. 


Thus  in  the  Harrier,  Jaguar,  Tornado,  Hawk  and  Sea  Harrier  there  were  comparatively  few  demands  for 
supports,  given  the  size  of  these  aircraft  fleets.  With  the  predominance  of  these  aircraft  now  in 
service  one  would  have  expected  many  more  than  in  the  Jet  Provost  fleet  which  is  only  used  in  training. 

The  better  design  of  ejection  seats  is  now  reducing  the  demand  for  lumbar  supports  from  fixed  wing  air¬ 
crew.  Unhappily,  one  cannot  say  the  same  for  helicopters. 

It  is  expected  that  the  demand  for  lumbar  supports  from  helicopter  aircrew  will  continue  until  heli¬ 
copter  seat  design  incorporates  the  principles  of  lumbar  support  which  have  been  shown  to  be  so  beneficial. 

Even  when  the  seats  of  both  fixed  and  rotary  wing  aircraft  are  designed  on  sound  ergonomic  principles, 
it  is  still  expected  that  some  aircrew  will  need  additional  lumbar  support  to  relieve  their  backache  in 
flight. 

Happily,  there  is  a  simple,  cheap  and  reasonably  quick  way  to  offer  relief  in  the  shape  of  an 
individually  moulded  lumbar  support  and  it  is  foreseen  that  these  will  be  requested  and  supplied  for  many 
years  to  come. 
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DHCP88IP 

WILDER,  08 1  The  back  rests  that  you  hava  designed  are  Moulded ,  baaed  on  the  aeatad  posture  of 
the  pilot  In  question.  Save  you  given  any  thought  to  possibly  providing  no  re  lordosis,  or  a  greater 
curvature  than  is  saen.  just  as  when  they  are  seated  in  your  Moulding  apparatus? 

READER,  OKi  I  didn't  design  the  back  restai  their  design,  in  fact,  predated  my  activity.  I  car¬ 
ry  on  the  business  of  producing  then  now.  As  X  said  in  the  talk,  if  we  find  that  a  pilot  cones  to  us 
with  backache  and  has  lost  his  1  unbar  curve,  it  is  important  to  relnatltute  it  by  scans  of  pressure, 
subtly  placed,  on  a  subjective  basis.  When  we  do  that  then,  of  course,  we  are  increasing  the  curvature 
beyond  what  was  shown  at  the  tine  of  consultation.  Then,  when  that  curve  is  introduced,  it,  of  course, 
produces  the  desired  effect.  It  is  an  important  part  of  the  selection  process  that,  when  a  pilot  first 
presents  hlnself  for  a  1 unbar  support,  his  lunbar  curve  la  checked,  because,  if  a  person  cones  with  a 
flat  curve,  and  you  nould  the  back  rest  to  that  curve,  you  will  see  very  little  improvement  whatsoever. 

TROOP,  OK:  Could  I  just  add  to  that  particular  point?  If  you  further  increase  the  lunbar  ex¬ 
tension  under  those  conditions,  what  tends  to  happen  is  that  the  lunbar  curve  —  the  area  of  the  lunbar 
curve  in  the  back  support  —  will  then  press  into  the  lunbar  spinet  and  you  will  then  lose  all  sup¬ 
port.  The  result,  if  you  increase  it  further,  would  be  to  reintroduce  back  pain  due  to  local  pressure. 
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SUMVIAEY 

The  prevalence  of  backache  amongst  helicopter  aircrew  has  long  been  known  to  be  unacceptably  high. 

Ihe  introduction  of  the  Gazelle  helicopter  to  UK  service  has  resulted  in  an  apparent  increase  in  this 
prevalence. 

This  paper  is  based  on  a  questionnaire  issued  to  Gazelle  aircrew  serving  in  Germany  during  1981.  The 
aim  was  to  produce  numerical  evidence  of  the  prevalence  of  backache  in  Gazelle  aircrew,  to  delineate  the 
factors  responsible  in  the  aircraft  and  to  make  recormendations  for  re-design. 

Ihe  major  findings  of  the  survey  are  that  82J6  of  aircrew  c explained  of  Gazelle  related  backache,  the 
taller  pilots  being  worst  affected.  Fligits  lasting  longer  than  one  hour  gave  rise  to  backache  in  70?  of 
the  subjects.  Ihe  seat  design  features  considered  responsible  were  the  design  of  the  seat  cushion,  inade¬ 
quate  lurfcar  support,  routing  of  the  shoulder  harness  and  the  angle  of  seat  rake. 

Since  the  ccnpletion  of  this  survey,  a  trial  of  a  new  Gazelle  seat  has  been  carried  out.  Ihe  new 
design  includes  an  improved  seat  cushion,  inflatable  lunfcar  support,  and  increased  height  of  the  harness 
take  off  point  from  the  inertia  reel.  Ihe  results  of  the  initial  trial  are  conclusive  in  their  support  for 
the  new  seat.  Ihese  improvements  have  been  incorporated  into  the  design  of  the  Gazelle  armoured  seat 
currently  under  development. 


BACKGROUND 

Previous  studies  (1-6)  have  indicated  that  aircrew  back  pain  is  an  important  aspect  of  aircrew  health 
which  deserves  closer  attention.  Persistent  discomfort  causes  pre -occupation  and  distraction  and  interferes 
with  the  performance  of  conplex  flying  tasks. 

Ihe  prevalence  of  backache  among  aircrew  has  long  been  known  to  be  high  and  is  recorded  in  numerous 
reports.  Since  the  introduction  of  the  Gazelle  helicopter,  in  the  early  seventies,  there  seems  to  have  been 
an  increase  in  this  prevalence  amongst  UK  aircrew.  This  paper  analyses  the  findings  of  a  questionnaire 
given  to  Gazelle  aircrew  during  the  Sumner  of  1981  and  describes  the  seat  modifications  carried  out  to  improve 
aircrew  comfort. 

MEMHOD 

Gazelle  aircrew,  stationed  in  Germany,  were  asked  to  conplete  a  questionnaire  with  space  for  additional 
corments.  Ihe  results  of  the  questionnaire  are  given  below.  119  replies  were  received,  of  which  89  were 
from  pilots  and  30  from  aircrew  observers .  Ihis  represents  a  good  response  rate  of  80? .  Ihe  multiple  choice 
part  of  the  questionnaire  enabled  evidence  of  prevalence,  timing  and  location  of  backache  to  be  evaluated. 
Response  to  questions  concerning  factors  responsible  for  backache  were  also  analysed.  Ihe  salient  features 
are  discussed.  Additional  ccrments  were  offered  by  55?  of  subjects  and  consisted  mainly  of  redesign  recom¬ 
mendations  to  minimise  discomfort. 

RESULTS 

Biographical  Details 

Question  1:  Age  -  Subject  age  ranged  from  20  to  42  years  (three  declined  to  answer!). 

Question  2:  Height  “  Ihe  range  of  acceptable  height  for  Amy  aircrew  was  encottpassed  (163  to  198  cm) 

(64  to  78  in). 

Question  3s  Flying  hours  -  Total  hours  flcwn  ranged  from  40  to  4700  hours  with  a  mean  of  1160  hours. 

Gazelle  flying  hours  ranged  from  20  to  2700  hours  (mean  588  hours) . 

Question  4:  Current  helicopter  -  98  were  errployed  flying  the  Gazelle.  Ihe  remain!^  21  flew  Scout  or 
lynx.  11  flew  Scout  and/or  lynx  as  well  as  Gazelle. 

Question  5:  "Do  you  adjust  your  seat  primarily  for:" 

(a)  Optimun  vision  5  (4?) 

(b)  Optimum  control  position  77  (65?) 


(c)  A  compromise  between  these 

(d)  Other  reasons 


34  (28*) 
3  (3*) 


Question  6:  "With  your  seat  in  the  normal  position,  and  sitting  in  your  normal  posture,  hew  easily  can  you 
reach  and  fully  operate  your  critical  and  emergency  flying  controls?" 

3  (2.5*)  subjects  made  no  conment. 

76  (64*)  stated  no  problems. 

8  (70,  all  of  whom  were  pilots,  had  satisfactory  control  except  for  the  left  hand  side  of  the 
console.  This  problem  showed  no  predilection  for  height . 

19  (16*)  made  the  point  of  having  to  stretch  althou^i  controls  were  reachable  with  the  harness  locked. 
With  one  exception,  these  were  all  pilots  and  the  majority  were  less  than  178  cm  (70  in)  tall. 

13  (11*)  needed  to  unlock  the  harness  to  reach  critical  controls.  Hie  majority  again  were  under 
178  cm  (70  in)  in  height. 

Question  7:  "Do  you  find  the  Gazelle  crew  seat  comfortable?" 

92  subjects  (77*)  found  the  seat  uncomfortable. 

Question  8:  "How  does  the  Gazelle  crew  seat  compare  with  others  you  have  flown  in?" 


(a)  More  comfortable  9  (8*) 

(b)  About  the  same  28  (23*) 

(c)  Less  comfortable  82  (69*) 

Seventy  answered  which  crewseat  they  considered  the  most  comfortable : 

(a)  Scout  46  (66<) 

(b)  lynx  19  (27*) 

(c)  Gazelle  3  (4*) 

(d)  Sioux  2  (3*) 


Question  9:  "Have  you  had  a  previous  back  injury?" 

25  had  had  a  previous  back  injury  of  whom  only  one  had  osilated  non-Gazelle  related  backache.  Hie 
remaining  24  all  suffered  backache  flying  or  after  flying  Gazelle.  8  had  backache  flying  other  aircraft. 

Question  10:  "Do  you  get  backache?" 

Total  figures  shown  are  higher  than  the  nunfcer  sampled  as  some  subjects  indicated  more  than  one  group. 


(a) 

No 

18  (15*; 

(b) 

Yes,  when  flying  Gazelle 

76  (  64*) 

(O 

Yes,  after  flying  Gazelle 

38  (  32*) 

(d) 

Yes,  not  related  to  flying  Gazelle 

13  (11*) 

No  relationship  was  found  between  the  prevalence  of  Gazelle-related  backache  and  age  or  hours  flown. 
There  was  a  variation  with  subject  height  as  shewn  in  Figure  1. 

Question  11:  "Do  you  get  backache  flying  other  types  of  aircraft?" 

35  subjects  (29*  of  all  questioned)  had  backache  in  other  helicopters.  All  but  4  of  these  also  had 
Gazelle-related  backache.  Scout,  Sioux  and  Lynx  were  equally  incriminated. 

Question  12:  "If  your  backache  is  related  to  flying  Gazelle,  when  does  it  occur?" 


Answers  were  as  shown  below.  Some  subjects  indicated  more  than  one  group 

(a)  Not  applicable 

20  (17*) 

(b)  Or  or  after  some  flights 

13  (11*) 

(c)  On  or  after  most  flights 

9  (8*) 

(d)  Or  or  after  flights  lasting  more  than  one  hour 

68  (57*) 

(e)  During  or  after  periods  of  intensive  flying 

(over  20  hours  in  last  10  days) 

21  (18*) 

(f)  During  or  after  hi#i  concentration 

or  high  workload 

18  (15*) 

I 


Question  13:  "Where  does  your  backache  occur?1 


Of  those  with  Gazelle  related  backache,  the  following  answers  were  obtained.  Sene  indicated  more  than 
one  site. 


(a) 

Lower  back 

73 

(61*) 

(b) 

Mid  back 

34 

(29*) 

(c) 

Buttocks 

28 

(24*) 

(d) 

Shoulders 

9 

(7*) 

(e) 

Neck 

1 

(1*) 

Question  14:  "What  do  you  think  causes  your  backache  in  the  Gazelle?" 

Five  gave  no  answer  and  15  answered  "Not  Applicable"  which  'founts  for  all  without  backache  plus  2 
others.  This  was  a  ranking  question:  of  the  99  who  gave  a  first,  reason,  89  also  gave  a  second  reason:  76  a 
third  reason  and  38  a  fourth  reason.  Only  19  gave  fifth  and  sixth  reasons  and  these  are  not  considered  in 
the  results. 


Choice  (No  of  answers) 


Reason 

1st 

2nd 

3rd 

4th 

Total 

Shape  of  back  cushion 

47 

22 

7 

5 

81 

Shape  of  seat 

35 

27 

15 

1 

78 

Routing  of  shoulder  harness 

10 

18 

12 

7 

47 

Angle  of  rake  of  seat 

2 

9 

17 

4 

32 

Inadequate  seat  adjustment 

2 

6 

6 

4 

18 

Position  of  controls 

1 

2 

7 

3 

13 

Position  of  seat 

0 

2 

6 

4 

12 

Weak  back 

1 

1 

3 

6 

11 

Compliance  of  seat  cushion 

1 

2 

1 

3 

7 

Position  of  instruments 

0 

0 

2 

1 

3 

Question  15:  ADDITIONAL  COMMENTS 

The  following  is  a  summary  of  additional  comments  made  by  respondents: 


Conment  No 
No  conment  54 
Reccrrmends  use  of  lumbar  support  pad  25 
Seat  produces  a  'hunched  back*  23 
More  thigh  support  needed  10 
Seat  cushion  at  fault  8 
Backache  relieved  by  lumbar  support  pad  4 
Seat  too  narrow  4 
Gazelle  seat  is  comfortable  1 

DISCUSSION  OF  SURVEY  RESULTS 


Aircraft  seats  are  often  the  subject  of  much  criticism  in  that  they  are  situated  in  cramped  surroundings 
and  are  occupied  without  interruption  for  much  longer  periods  than  domestic  or  car  seats.  The  nature  of  the 
task,  which  their  occupants  perform,  limits  individual  movement  to  adjust  position  and  discomfort,  if  not 
frank  backache,  is  a  cccmon  problem.  Backache  is  usually  the  result  of  repeated  abnormal  strain  forcing  a 
structurally  normal  spine  to  function  at  a  disadvantage. 

Several  aspects  are  worthy  of  note.  The  helicopter  pilot  must  adopt  a  distorted  body  attitude  when 
operating  conventional  helicopter  controls.  Normally,  he  first  adjusts  his  seat  so  that  operation  of  the 
pedals  is  possible.  He  then  rests  his  rigrt  forearm  on  his  right  thigh  to  enable  more  precise  control  of  the 
cyclic  stick  by  the  right  hand.  The  left  hand  then  rests  on  the  collective  lever  which  is  adjacent  to  the 
left  hand  side  of  the  seat.  The  left  shoulder  is  forced  to  drop  and  the  spine  is  rotated  to  the  left.  This 
classic  helicopter  ;  ilot  position  is  shown  clearly  in  Fig  2.  The  normal  cruising  attitude  of  the  helicopter 
(4°  nose  dewrj  for  the  Gazelle)  c expounds  the  problem.  The  upper  torso  being  tipped  forward  against  the 
restraint  provided  by  the  shoulder  and  lap  belts.  Many  aircrew  are  also  unaware  of  the  correct  strapping 
in  procedures . 

Incidence  of  Backache 

It  was  apparent  from  this  review  that  99  subjects  (82*)  had  Gazelle-related  backache.  Whilst  this  in¬ 
cludes  24  with  a  previous  back  injury  (details  of  which  are  not  known)  it  must  be  assured  that  the  majority 
had  otherwise  normal  spines  and  that  their  backache  was  attributable  to  flying  helicopters,  the  Gazelle  in 
particular. 
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There  did  not  appear  to  be  ary  correlation  with  age  of  aircrew  or  the  hours  flown  either  totally  or 
restricted  to  Gazelle.  The  height  of  aircrew  was  undoubtedly  a  factor  influencing  backache.  The  Gazelle 
seat  and  cockpit  environment  seems  to  favour  the  range  of  162  to  170  cm  (64-67  in)  and  180  to  185  cm 
(71-73  in). 

Flights  lasting  longer  than  one  hour  gave  rise  to  backache  in  70$  of  subjects.  It  is  assumed  that 
synptoma  arose  after  this  critical  period  and  not  before.  This  finding  is  supported  by  clinical  experience 
and  is  probably  related  to  the  necessary  imnobility  imposed  by  the  flying  task.  Problems  tend  to  be  greater 
when  workload  is  long  and  tedious.  Operational  workload  is  higi  in  this  aircraft.  Gazelle  crews  in 
Northern  Ireland  frequently  fly  7  hours  a  day. 

The  site  of  backache  correlated  well  with  the  theoretical  site  of  spinal  stress .  61$  had  lower  back¬ 

ache  and  29$  mid  backache.  Buttock  ache  was  felt  by  24$  and  is  alrrost  certainly  due  to  loss  of  compliance 
of  the  current  seat  cushion. 

Cause  of  Backache 

Personal  opinions  of  the  cause  of  individual  backache  provided  a  useful  insist  into  factors  which  may 
be  amenable  to  redesign  The  shape  of  the  back  cushion  was  the  most  popular  criticism,  being  cited  by  68$ 
of  subjects.  The  lower  back  is  the  area  of  greatest  stress  and  the  site  of  most  postural  disorders  among 
aircrew.  Lunfcar  support  is  needed  which  the  present  desigi  of  crewseat  does  not  provide.  The  seat  is 
concave  at  its  base  and  this  deficiency  encourages  abnormal  spinal  alignment .  Privately  acquired  lunfcar 
pads  used  in  this  seat  have  helped  many  and  individually  moulded  fibreglass  supports  are  available  through 
the  service  to  those  with  longstanding  problems. 

The  overall  shape  of  the  Gazelle  seat  was  another  popular  criticism,  th fortunately ,  few  respondents 
made  specific  conment.  Particular  items  worthy  of  note  were  its  narrowness  and  consequent  protrusion  of 
fixing  bolts  into  the  hips.  Many  conplained  of  protrusion  of  the  front  of  the  seat  into  the  underside  of 
the  thighs.  This  not  only  caused  discomfort,  but  paraesthesia  in  some  cases.  The  upright  position  of  the 
seat  was  criticised  by  32  subjects.  This  feature  again  produces  abnormal  stress  upon  the  lower  back  as  well 
as  undue  pressure  on  the  underside  of  the  thighs.  Modification  by  increasing  the  backward  tilt  of  the  seat, 
together  with  additional  thigh  support,  may  help. 

The  Gazelle  seat  has  only  four  positions  of  fore  and  aft  adjustment.  No  vertical  adjustment  is  pro¬ 
vided.  The  Gazelle  has  such  excellent  visibility  that  seat  position  is  generally  adjusted  for  optimum 
control  and  not  for  visual  reasons  (supported  by  answers  to  the  questions). 

Notwithstanding  this ,  sane  aircrew  may  tend  to  have  an  exaggerated  body  image  and  sit  too  far  back  on 
the  adjustment.  A  larger  nunfcer  of  horizontal  stops,  together  with  vertical  adjustment  at  the  front  of  the 
seat,  would  facilitate  the  attainment  of  optimum  posture. 

The  routing  of  the  shoulder  harness  was  criticised  by  47  subjects,  of  whom  threequarters  were  178  cm 
(70  in)  or  more  in  height .  The  main  point  was  that  the  release  point  was  set  too  lew  on  the  seat  back,  thus 
creating  a  hunching  of  the  shoulders  with  subsequent  compression  of  the  lower  spine. 

It  is  interesting  to  note  that  the  aircrew  questioned  in  this  survey  were  generally  only  wearing  tem¬ 
perate  aircrew  equipment  assemblies.  The  requirement  to  carry  body  armour,  NBC  equipment,  nigr  vision 
goggles  and  dinghy  back  packs  in  any  future  conflict  can  only  serve  to  increase  the  existing  discomfort. 

Persistent  backache  is  associated  with  premature  fatigue,  irritability,  distraction  from  the  task  and 
interference  with  post-flight  relaxation  and  sleep.  It  is  likely  that  persistent  backache  in  operational 
squadron  aircrew  and  instructors  could  contribute  to  the  level  of  stress  and  performance  might  be  impaired. 
Seat  design  should  allow  the  occupant  to  adopt  a  nunfcer  of  good  postural  positions  whilst  discouraging  the 
adoption  of  a  single  poor  one.  Because  of  the  drawbacks  inherent  in  the  design  of  aircrew  seats,  the  en¬ 
forced  sitting  posture  should  be  as  near  perfect  as  possible.  Measures  to  prevent  back  strain  must  aim  at 
elimination  of  as  many  as  possible  of  the  seat  design  features  which  contribute  to  spinal  deformation. 

The  preferable  solution  is,  of  course,  the  introduction  of  a  totally  new  helicopter  design  concept. 
Adherence  to  the  classic  control  configuration  will,  even  with  a  good  seat  design,  result  in  the  continuance 
of  the  present  problem. 

EEVEDOPMHNT  OF  A  MODIFIED  GAZKT.TF.  AIRCREW  SEAT 

The  Gazelle  is  the  most  mmerous  helicopter  in  UK  military  service,  being  found  in  sill  three  services. 
The  major  problems  with  the  current  seat,  Fig  3,  can  be  suimarised  as  follows. 

a.  Seat  Cushion.  The  present  in  service  seat  cushion  can  only  be  described  as  appalling.  Most  have 
been  in  situ  for  the  life  of  the  aircraft.  Pilots  are  required  to  report  as  defective,  but  this  action 
is  rarely  taken  as  the  method  is  subjective  and  few  pilots  have  experienced  the  'feel'  of  a  new  cushion 
to  use  as  a  control.  The  soft  seat  cushion  results  in  pelvic  rotation. 

b.  The  absence  of  any  integral  lunfcar  support  coupled  with  (a)  results  in  the  loss  of  the  normal 
lunfcar  curve. 

c.  The  low  seat  back  and  the  shoulder  harness  take  off  point  cause  compression  of  the  torso, 
especially  in  subjects  with  higi  percentile  sitting  heights.  This  factor  ia  compounded  by  the  fact 
that  many  aircrew  are  unaware  that  the  shoulder  harness  as  fitted  to  the  Gazelle  ia  effectively  a 
variable  loop  passing  round  the  neck.  Overtightening  of  the  shoulder  harness  beyond  the  point  of 
comfort  does  not  affect  the  degree  of  restraint,  but  merely  conpresses  the  torso,  exaggerating  any 
undesirable  posture  already  present.  This  can  be  seen  clearly  in  Fig  4, 
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The  results  of  the  questionnaire  and  much  anecdotal  evidence  resulted  in  a  trial  being  carried  out, 
under  the  auspices  of  the  RAF  Institute  of  Aviation  Medicine,  to  develop  a  Gazelle  crew  seat  comfort  package. 
Financial  restrictions  ruled  out  a  totally  new  design,  so  efforts  were  directed  to  modifications  of  the 
existing  seat,  cushions  and  harness  assembly. 

Trials  were  carried  out  on  a  tri-Service  basis  involving  three  types  of  prototype  seat  cushion,  various 
lumbar  supports  and  alterations  to  the  inertia  reel  take  off  point,  which  would  now  be  some  5  cm  higher 
than  the  in-service  seat.  The  results  of  the  trial  clearly  favoured  the  combination  of  an  increased  harness 
height,  an  IAM/RAE  designed  cushion  and  a  pneumatic  lumbar  support.  The  components  of  this  re-design  can  be 
seen  in  Fig  5. 

The  cushion  consists  of  a  front  and  rear  module.  Each  section  comprises  two  pieces  of  foam,  the  ipper 
layer  of  the  rear  cushion  being  T4l  contour  foam. 

The  pneumatic  lumbar  support  allows  the  aircrew  to  select  the  optimum  adjustment  required. 

The  results  of  the  trial  are  shewn  in  Table  1.  Details  of  questionnaires  comment!  g  on  the  other 
cushions  and  lumbar  supports  are  not  included  but  are  held  at  the  IAM. 


COMFORT 


Much  more 

Slightly  more 

Same 

Slightly  less 

Much  less 

Total  assembly 

24 

7 

Seat  cushion 

19 

16 

Pneumatic  lunbar 

support 

19 

9 

9 

Trial  seat 

21 

6 

1 

Table  1.  Assessment  of  IAM/RAE  Comfort  Package 

The  Gazelle  seat  comfort  package  is  now  entering  service  in  large  numbers  and  the  improvements  offered 
have  also  been  included  in  the  design  of  the  Gazelle  armoured  seat  (Fig  6) ,  which  is  to  be  fitted  to  all 
Amy  Air  Corps  Gazelles. 

Clinical  Aspects 

The  clinical  care  of  aircrew  must  not  be  forgotten  and  it  is  considered  that  all  backache  complaints 
must  be  reviewed  by  a  Medical  Officer  so  that  appropriate  action  can  be  taken.  The  algorithm  shown  below 
(Fig  7)  is  followed  by  UK  Anry  Specialists  in  Aviation  Medicine. 

Few  aircrew  ever  see  their  Medical  Officer  concerning  their  back  problems.  Most  consider  it  an  inevi¬ 
table  accompaniment  of  their  chosen  career  and  are  also  chary  of  the  possibility  that  they  may  be  grounded 
temporarily,  or  in  some  cases,  permanently.  Of  UK  Amy  aircrew  very  few  indeed  have  gone  as  far  as 
hospitalisation,  thougo  many  have  benefited  from  general  advice  and  in  more  severe  cases,  the  issue  of  a 
moulded  fibreglass  lumbar  support. 

In  the  past  many  aircrew  who  were  outside  the  prescribed  anthropometric  limits  have  been  allowed  to 
become  helicopter  pilots.  Some  of  these,  who  are  in  excess  of  the  99  percentile,  have  had  severe  lunbar 
problems,  especially  in  the  Gazelle  where  sitting  height  limitations  are  critical. 

CONCLUSIONS 

1.  The  introduction  of  the  Gazelle  has  resulted  in  a  higi  prevalence  of  back  pain  being  reported  by 
helicopter  aircrew. 

2.  Comparatively  simple  modifications  to  the  seat  design  have  resulted  in  a  useful  improvement  in 
aircrew  comfort. 

3.  Although  seat  reldesigi  can  help  alleviate  the  discomfort,  new  cockpit  configurations  are  essential 
if  the  problem  of  persistent  back  pain  is  to  be  erradicated. 
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FIG  4.  Subject  with  Incorrectly  Tensioned 
Shoulder  Harness  Demonstrating  Compression 
of  the  Torso. 


FIG  5.  Redesigned  Gazelle  Crew 
Seat  Showing  New  Cushion, 
Pneumatic  Lumbar  Support  (on 
left)  and  Increased  Take  Off 
Point  for  Shoulder  Harness. 
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GROUNDED  OR  FLVNO  UMTATION  ¥  MUCATED 


FIG  7.  Algorithm  demonstrating  treatment  of  aircrew 
suffering  from  backache. 


Discussion 

BONDER,  CAt  la  it  trua  that  a  pilot  can  uaa  a  back  rest  while  in  control  of  the  aircraft,  or  is 
it  possible  that  the  helicopter  hunch  prevents  the  use  of  a  back  rest? 

BMIRWAIR ,  OKi  Ere*  personal  experience,  it  is  possible  to  use  back  rests,  of  varying  kinds 
while  still  aalnteininq  precise,  adequate  and  good  control  of  the  helicopter.  It  certainly  is  not  pre¬ 
vented  by  the  helicopter  hunch)  it  iaproves  one's  posture. 
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SUMMARY 

Sustained  low-frequency  vibrations  In  helicopters,  combined  with  poor  posture  Imposed  by  control 
configuration,  can  affect  the  health  and  performance  of  aircrew.  Vibration  can  adversely  affect  visual 
acuity,  induce  stress,  lower  fatigue  limits  and  cause  spinal  or  kidney  damage.  These  effects  may  occur 
even  In  helicopter  simulators.  Some  air  vehicles  expose  the  occupants  to  levels  of  vibration  and  shock 
which  exceed  the  comfort  or  fatigue  decreased  proficiency  criteria  established  by  the  International 
Standards  Organization  (ISO  2631)  and,  in  some  cases,  exceed  the  exposure  limits  of  that  standard.  The 
attenuation  of  vibration  Is  recognized  as  a  critical  problem  In  the  design  of  future  helicopters,  and 
new  (sldearm)  control  configurations  under  development  may  permit  better  posture.  However,  it  is  cer¬ 
tain  that  these  problems  will  persist  and  that  they  exist  In  the  current  generation  of  helicopters. 
Conventional  approaches  isolate  a  pilot  with  a  seat  suspension  which  attenuates  the  dominant  (vertical) 
axis  of  vibration.  Such  seats  are  typically  passive,  relying  on  a  system  of  springs  and  dampers  to 
attenuate  the  most  critical  combinations  of  expected  frequency  and  g  level. 

The  bulk  of  such  seats  often  precludes  retrofitting  them  to  existing  air  vehicles.  Active 
shock/vibration  Isolation  seats  which  offer  advantages  In  terms  of  attenuation  and  frequency  response 
have  been  proposed  but  no  successful  system  has  been  developed  to  date.  Some  flight  simulators  employ 
g-seats  to  simulate  g-forces  acting  on  the  pilot  in  high-performance  aircraft.  The  expertise  gained  In 
developing,  testing,  and  manufacturing  the  g-seat  provides  an  Ideal  basis  for  developing  an  active 
antivibration  seat.  The  frequency  range  of  the  g-seat  includes  the  critical  band  of  damaging  and 
fatiguing  vibrations  In  the  vertical  axis.  Laboratory  trials  have  demonstrated  that  the  seat  can 
attenuate  the  vibration  to  which  the  pilot  Is  exposed.  Concurrently,  development  of  a  displacement 
multi-axis  hand  controller  for  helicopter  application  Is  under  way.  Successful  flight  tests  have  been 
conducted  with  this  unit  configured  as  a  side  arm  controller,  permitting  pilots  to  maintain  an  upright 
posture.  Thlspaper  describes  an  approach  and  methodology  for  development  of  an  active  antivibration 
seat  within  the  context  of  an  integrated  cockpit  seat/control  system.  The  Intent  Is  to  achieve  a  high 
level  of  crew  safety  and  comfort  In  concert  with  improved  control  performance. 

1.  INTRODUCTION 

Aircraft  vibrations  Induce  fatigue  and  discomfort  to  the  passengers  and  crew.  Helicopters  are 
particularly  susceptible  to  this  problem  since  vibrations  tend  to  occur  at  lower  frequencies  than  In 
fixed-wing  aircraft.  The  vibration  may  be  self-excited  or  externally  excited.  Examples  of  self-excited 
vibrations  are  ground  resonance  (In  which  blade  lag  motion  Is  coupled  with  a  translational  oscillation 
of  the  motor  hub)  and  blade  flutter  (which  Involves  the  coupling  of  blade  flexure  and  twist  with 
aerodynamic  loads).  Self-excited  modes  of  vibration  can  build  up  so  rapidly  that  they  destroy  the 
helicopter  within  a  few  seconds,  hence  pilot  proficiency  In  a  dynamically  degrading  environment  is 
critical.  Externally  excited  vibrations  typically  arise  from  aerodynamic  loads  on  the  rotors,  engine 
and  gearbox  vibration,  and  aerodynamic  loading  on  the  airframe.  The  content  of  the  helicopter  vibration 
spectrum  varies  with  the  location  at  which  It  Is  measured  wlthlng  the  helicopter  as  well  as  the  type  of 
helicopter  under  Investigation1.  In  addition,  there  Is  variance  In  the  spectra  of  helicopters  of  the 
same  type*. 

However,  the  vibrations  of  greatest  amplitude  and  of  most  concern  fall  within  a  limited  (less  than 
20  Hz)  range  for  all  helicopters.  These  vibrations  are  associated  with  the  main  rotor  blade  and  system 
passing  frequency:  for  a  two  bladed  rotor  at  360  RPM  they  would  be  of  the  order  of  6  Hz  rotor  frequency 
and  12  Hz  blade  passing  frequency  (eg.  Bell  Jetranger),  and  for  a  five  bladed  rotor  at  206  RPM  on  the 
order  of  3.3  Hz  rotor  and  16.7  Hz  blade  passing  frequency  (eg.  Sikorsky  $-61).  The  amplitude  of  these 
vibrations  Increases  with  the  aeordynamlc  load  on  the  rotor  system  (eg.  hover  or  high  speed)  and  are 
most  severe  during  transient  high  power  applications  such  as  hard  turns  or  the  final  phase  of  an  auto¬ 
rotation. 

The  problems  related  to  main  rotor  beat  frequency  are  exacerbated  by  the  fact  that  the  human  body 
has  resonant  frequencies  In  the  range  of  4-8  Hz  due  to:  coupling  of  vertical  movement  of  the  rib  cage 
and  shoulders  relative  to  the  hips  and  vertical  movement  of  the  contents  of  the  abdominal  cavity*. 
Movements  at  the  shoulder  may  be  amplified  to  4  times  those  at  the  pelvis*.  Weight,  muscle  tone,  and 
especially  posture  of  the  pilot,  may  change  the  transmissivity  of  vibration  to  upper  body  members  by  a 
factor  of  six*.  There  Is  a  tendency  to  shift  posture  to  move  natural  resonance  frequencies  away  from 
the  driving  frequency.  For  example.  In  the  4  Hz  region,  erect  seating  posture  reduces  head 
transmission. 

However  this  shift  Is  not  straightforward,  as  Increased  contact  with  the  back  rest  may  transmit 
more  vibration  In  the  12-20  Hz  range  -  this  hits  a  head  resonant  mode  which  m«y  degrade  visual 
performance.  Use  of  posture  shifts  In  helicopters  Is  further  limited  by  the  characteristic  control  con¬ 
figuration  and  dynamic  Instability.1 
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Relative  to  fixed  wing  aircraft,  helicopters  are  unstable  flying  platforms  and  require  considerably 
more  active  pilot  control.  Poor  ergonomic  design  of  flight  controls  In  typical  helicopters  forces  many 
pilots  to  "hunch"  over  the  cyclic  stick  to  obtain  precise  control  as  well  as  to  lean  forward  and  to  the 
left  to  use  the  lower  range  of  the  collective.  In  effect  then,  helicopter  flight  controls  Impose  poor 
posture  on  the  pilot,  and  the  necessity  to  operate  the  controls  continuously  makes  It  difficult  to  alter 
posture  beyond  a  limited  range  without  affecting  the  conditions  of  flight.  The  poor  posture  itself  may 
induce  fatigue  and  discomfort,  but  perhaps  more  seriously.  It  greatly  increases  the  pilot's  vulner¬ 
ability  to  the  effects  of  vibration.  The  compressive  load  on  the  spinal  discs  of  a  slouching  seated  man 
may  be  as  much  as  double  that  In  standing,  and  the  disc  stiffness  in  compression  increases  as  the  force 
and  rate  of  application  of  force  to  the  spinal  column  Increases*.  This  passes  shock  loads  directly  to 
the  vertabrae. 

Prolonged  exposure  to  low-frequency  large-ampl Itude  whole-body  vibration  causes  degenerative 
physiological  symptoms  and  degradation  In  responding  to  stimuli  pertinent  to  human  safety  and  effi¬ 
ciency7.  Several  investigations  have  been  conducted  into  the  physiological  effects  of  vibration  In 
the  helicopter  environment  with  reported  Incidence  of  back  pain  ranging  from  21*  to  95*  of  pilots 
examined.  The  vl brat ion- Induced  symptoms  range  from  motion  sickness*  to  permanent  damage  to  the  spine 
and  supporting  tissue  structure*-11 ,  other  Investigators11-1'*  have  concluded  that  low- 
frequency  vibration  may  affect  compensatory  tracking  ability,  reaction  time,  physiological  responses, 
and  emotional  reactions.  With  respect  to  motor  control  per  se,  greatest  effects  appear  to  occur  In  the 
primary  resonant  frequency  range  about  4  Hz.  with  the  effects  Including  fatlque,  loss  of  concentration, 
and  loss  of  kinesthetic  sensation  {numbing)1**14,  with  respect  to  visual  losses,  it  may  be  that 
vibration  amplitudes  In  the  12-20  Hz  range  are  typically  not  sufficient  to  Induce  visual  blur. 

Amplitude  and  the  lower  resonant  range  (4-8  Hz)  however,  may  be  sufficient,  especially  If  posture  is 
poor  (above  6  Hz)  or  If  effectiveness  of  eye/head  compensation  Is  degraded  due  to  fatlque  (below  6 
Hz)1**14. 

To  sumnarlze,  poor  posture  combined  with  excessive  vibration  levels  In  helicopters  may  result  in 
crew  fatigue,  crew  discomfort,  degradation  of  performance,  and  physiological  degeneration.  The  exact 
nature  of  the  interrelationship  between  these  two  factors  and  the  tradeoffs  therein,  for  example  pos¬ 
tural  shifts,  are  not  fully  understood.  A  standard  relating  vibration  exposure  to  health  comfort  and 
performance  has  been  established  by  the  International  Standards  Organization17,  but  has  not  been  fully 
validated  and  Is  not  universally  accepted 14-14.  What  Is  clear  however.  Is  that  the  problem 
exists,  that  It  Is  serious,  and  that  remedial  measures  must  be  taken. 

2.  SOLUTIONS 

Our  goal  Is  to  reduce  the  negative  effects  of  poor  posture  and  vibration  upon  aircrew.  A  number  of 
simple  measures  readily  come  to  mind.  One  contribution  may  be  to  ensure  that  aircrew  are  less  vulner¬ 
able  by  selecting  for  absolute  absence  of  back  problems.  This  Is  probably  not  viable  because:  back 
problems  are  very  common  and  easily  concealed,  and  the  pilot  selection  procedure  Is  already  restrictive 
and  expensive.  Further,  given  the  environment,  those  who  enter  helicopters  without  back  ailments  are 
likely  to  develop  them.  Encouraging  pilots  to  participate  In  physical  fitness  programs  to  Improve 
muscle  tone  would  be  a  positive  step. 

Another  contribution  would  be  to  substantially  reduce  helicopter  airframe  vibration.  Certainly 
this  Is  being  addressed  In  new  helicopter  designs.  However,  given  the  basic  characteristic  of  heli¬ 
copter  aerodynamics.  It  Is  unreasonable  to  assume  that  vibration  may  be  totally  eliminated  and  there 
remain  thousands  of  contemporary  machines  with  existing  vibration  characteristics. 

A  further  contribution  would  be  to  augment  the  stability  of  helicopter  flight  controls  and  permit 
Improved  pilot  posture  by  implementing  fly-by-wire  control  systems  with  sldearm  control  units.  While 
development  of  fly-by-wire  control  systems  for  helicopters  has  not  been  driven  historically  by  ergonomic 
consideration11,  these  considerations  are  a  primary  concern  In  current  development  of  displacement 
sldearm  controllers11.  This  development  permits  remediation  of  two  major  problems  at  once,  since  use 
of  the  sldearm  controller  permits  fully  supported  upright  posture,  and  Implementation  of  fly-by-wire 
augmentation  Improves  stability  to  the  point  that  pilots  may  easily  shift  posture  without  substantially 
affecting  aircraft  control. 

A  final  contribution  Is  to  reduce  the  vibration  Impinging  upon  the  pilot  through  his  seat,  since 
even  with  improved  posture,  the  shock  transmitted  to  the  spine  and  effects  of  vibration  upon  performance 
remain  serious  problems.  The  hardware  section  of  this  paper  describes  considerations  In  the  design  of 
an  active  anti-vibration  seat. 

3.  PASSIVE  VERSUS  ACTIVE  SEAT  SUSPENSION 

There  are  fundamental  limitations  Inherent  in  the  conventional  helicopter  seat  which  are  Incompat¬ 
ible  with  the  requirements  of  aircrew  health,  comfort  and  performance.  The  conventional  seat  typically 
utilizes  foam  rubber  or  taut  fabric  to  support  the  occupant  as  well  as  Isolate  him  from  the  vibration 
present  In  the  Immediate  environment.  Tim  basic  limitation  Is  that  the  static  deflection  varies  with 
the  Inverse  square  of  the  system's  natural  frequency**.  In  addition,  pilot  eye  level  and  dynamics 
vary  with  weight.  To  overcame  the  static  deflection  problem,  the  materials  used  In  conventional  seats 
typically  have  nonlinear  force-deflection  characteristics.  Unfortunately,  operation  In  the  nonlinear 
deflection  range  makes  the  seat  behave  as  a  much  stlffer  suspension  system,  resulting  In  degradation  of 
the  vibration  Isolation  characteristics**,  particularly  at  large  amplitudes. 

In  recent  years  active  seat  suspensions  have  been  developed  for  use  In  offroad  vehicles**-1*. 

Active  seats  are  servomechanisms  comprised  of  excitation  and/or  response  sensors,  signal  processors,  and 
actuators.  The  sensors  provide  signals  proportional  to  excitation  or  response  quantities. 
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The  signal  processor  manipulates  sensor  signals  to  create  a  command  signal.  The  actuators  then 
apply  forces  or  induce  motion  in  accordance  with  the  command  signal. 


A  variety  of  excitation  and  response  sensors  can  be  utilized  to  provide  feedback  signals  in  the 
closed-loop  configuration  of  an  active  seat.  Feedback  signals  can  be  developed  that  are  a  function  of 
jerk,  acceleration,  velocity,  displacement,  differential  pressure,  or  force.  The  signal  processor  may 
consist  of  an  active  network  that  performs  amplication,  and  compensation  functions.  The  principal 
advantages  of  an  active  seat  are  twofold: 

•  Active  seats  continually  modulate  the  flow  of  energy  to  the  active  seat  elements.  Passive  seats 
can  only  dissipate,  temporarily  store,  and  return  energy.  Hence,  in  an  active  seat,  forces  can  be 
generated  which  do  not  depend  on  enegy  previously  stored  or  the  duration  of  operation. 

■  By  using  appropriate  measurement  and  signal  processing  devices,  an  active  seat  can  generate  forces 
which  are  a  function  of  several  variables,  some  of  which  can  be  remotely  measured.  Passive  seats 
are  restricted  to  generating  forces  only  in  response  to  local  relative  motion. 

The  performance  advantages  of  an  active  seat  over  a  conventional  seat  can  be  defined  using  a  lumped 
parameter  approach3*  an  approximation  based  on  the  assumption  that  masses,  springs  and  dumpers  can  be 
isolated  and  concentrated  at  a  single  point.  The  nondimensional  acceleration  transfer  functions  of  the 
conventional  seat  (for  various  material  damping  ratios)  and  the  optimal  active  seat  are  plotted  in 
Figure  1  against  nondimensional  frequency.  At  low  frequency,  the  active  and  passive  seats  have  equal 
acceleration  gains.  At  higher  frequencies,  the  conventional  seat  has  a  much  higher  acceleration  gain 
while  the  active  seat  retains  a  unity  nondimensional  gain.  In  practical  terms,  the  conventional  seat 
amplifies  high-frequency  vibration  because  the  (lamping  material  in  the  seat  becomes  dynamically  hard. 

If  the  damping  in  the  conventional  seat  is  reduced,  the  high-frequency  amplification  is  also  reduced. 
However,  for  damping  ratios  less  that  0.707,  the  acceleration  gain  is  increased  at  unity  nondimensional 
frequency.  In  passive  suspension  design,  a  tradeoff  is  usually  made  between  low  and  high  frequency 
performances31,  a  compromise  avoided  by  using  active  seats. 


Figure  I 

Nondimensional  acceleration  transfer  functions  versus  nondimensional  frequency 
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4.  THE  G-SEAT  AS  A  MOTION  CUING  DEVICE 

In  center-thrust  high-performance  aircraft,  the  pilot  experiences  large  and  sustained  acceler¬ 
ations.  He  senses  these  accelerations  through  his  inner  ear  {or  vestibular  system)  where  the  otoliths 
sense  linear  acceleration,  and  the  semicircular  canals  sense  rotational  accelerations.  In  addition,  he 
responds  to  somatic  cues  through  the  haptic  sensing  system,  i.e.,  through  interaction  with  the  seat. 
During  upward  acceleration  he  feels  himself  sink  into  the  seat  and  the  seat  feels  hard  under  him. 
Accelerating  downward,  he  feels  himself  lifted  from  the  seat  and  constrained  by  the  safety  harness.  The 
sensations  of  these  accelerations  (or  g's)  can  be  simulated  using  a  seat  with  Inflatable  cushions  in 
conjunction  with  a  servo-driven  safety  harness. 

The  design  of  the  antivibration  seat  is  based  on  the  successful  g-seat  used  on  German  Tornado  and 
Canadian  CF-18  simulators.  The  g-seat  (shown  in  Figure  2)  is  an  oil-over-air  mechanism  consisting  of 
two  matrices  of  four  cushions,  one  on  the  seat  pan  and  one  on  the  seat  back.  Each  motion  cell  Is 
connected  to  an  Individual  air  bellows  forming  a  closed  loop  system.  The  air  bellows  are  activated  via 
a  hydraulic  actuator.  A  linear  position  transducer  and  pressure  transducer  provide  the  necessary  feed¬ 
back.  A  solenoid  valve  permits  the  closed-loop  system  to  be  charged  as  required.  The  motion  cells  are 
activated  by  command  signals  from  the  system  software  in  accordance  with  the  simulated  aircraft  charac¬ 
teristics.  By  providing  a  matrix  of  Inflatable  cells  in  the  seat  pan  and  seat  back,  effective  acceler¬ 
ation  cues  are  provided  in  all  six  degrees  of  freedom  as  shown  in  Figure  3  and  4.  The  air  pressure  in 
the  motion  cells  is  calibrated  to  approximate  the  -lg  to  7g  accelerations  experienced  throughout  the 
flight  envelope.  Buffet  and  vibration  effects  are  blended  with  sustained  g-cues.  The  system  provides 
vibrating  cues  between  frequencies  of  0.25  to  20  Hz,  at  amp lituded  of  up  to  0.7  cm.  From  3  to  20  Hz, 
the  buffet  spectrum  duplicates  that  of  the  simulated  aircraft  for  all  flight  conditions. 


Figure  2 

G-seat  cell  layout 
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5.  THE  6-SEAT  AS  AN  ANTI -VIBRATION  DEVICE 


The  expertise  gained  In  developing,  testing,  and  manufacturing  the  g-seat  provides  an  Ideal  basis 
for  developing  the  concept  of  an  antivibration  active  seat.  The  g-seat  can  effectively  work  In  a 
reverse  mode.  The  motion  sensor  Inputs  replace  the  software -generated  motion  cues,  attenuating  the 
vibration  to  which  the  seat  Is  exposed. 

Initial  tests  have  been  run  using  a  constant-pressure  control  algorithm.  The  seat  automatically 
adjusts  to  compensate  for  pilot  weight,  bringing  it  to  Its  operational  neutral  point.  The  vibration 
causes  the  pilot  to  either  rise  or  sink  on  the  seat,  creating  a  positive  or  negative  pressure  signal 
which  Is  then  fed  Into  a  summing  amplifier.  The  amplifier  output  drives  the  hydraulic  actuators  which 
in  turn  cause  the  bellows  to  either  deflate  or  Inflate  the  active  seat,  thus  maintaining  the  seat  and 
pilot  at  the  neutral  position.  Initial  tests  Indicate  good  Isolation  in  the  3-  to  8-Hz  range,  however, 
they  represent  only  the  starting  point  of  the  antivibration  seat  development  program. 

The  overall  objective  of  a  current  development  program  is  to  design,  construct,  and  evaluate  an 
antivibration  seat  cushion  which  can  be  retrofitted  In  the  CH-147  Chinook  helicopter.  The  adaptive 
control  capabilities  of  the  seat  cushion  make  It  suitable  for  retrofit  In  a  variety  of  land  and  air 
vehicles,  with  minimum  changes  to  the  configuration  of  the  pilot  or  driver  compartment. 

At  present,  the  project  Is  reaching  the  final  stages  of  prototype  cushion  and  control  system  con¬ 
struction.  During  the  next  few  months,  development  and  validation  trials  will  be  conducted  using 
In-house  motion  base  facilities.  The  trials  will  Identify  the  attenuation  characteristics  of  the  seat 
using  measures  of  acceleration  transmlsslblllty  at  the  seat-to-occupant  interface  and  other  represent¬ 
ative  points  such  as  hip,  upper  torso,  and  head.  The  trials  will  initially  be  conducted  using  anthropo¬ 
morphic  dummies.  The  initial  trials  will  study  the  attenuation  characteristic  of  the  prototype  seat  at 
frequencies  from  1  to  40  Hz,  and  acceleration  levels  up  to  the  exposure  limit  criteria  of  ISO  2631  , 

using  sinusoidal  Inputs.  Once  an  approval  procedure  has  been  followed,  the  trials  will  be  repeated 
using  human  subjects  representing  the  size  and  weight  range  of  Canadian  Forces  personnel.  Subsequent 
trials  will  use  frequency  spectra  input  and  will  Incorporate  pitch  acceleration  to  Investigate  differen¬ 
tial  control  of  the  individual  air  bellows. 

In  parallel  with  the  seat  project  a  collaborative  program  between  CAE  and  the  National  Aeronautical 
Establishment  (NAE)  Canada  has  been  underway  for  the  last  two  years.  The  primary  objective  of  this 
program  has  been  development  and  evaluation  of  multi-axis  controllers  as  side  arm  control  devices1*. 
Experience  In  the  program  has  Indicated  that  controller  position,  armrest  and  seat  configuration,  and 
pilot  posture  are  all  critical  components  of  performance  and  acceptability  of  a  sidearm  controller. 
Likewise,  effects  upon  visual  and  motor  control  performance  are  critical  parameters  in  the  development 
of  an  anti -vibration  seat.  The  intent  then.  Is  to  develop  both  the  seat  and  controller  systems  in  an 
integrated  fashion,  with  each  of  these  systems  acting  as  a  testbed  for  the  other  in  the  laboratory. 
Planning  for  integrated  flight  testing  of  the  systems  has  begun. 

6.  CONCLUSION 


Rationale  for  Improvement  of  pilot  seating  arrangements  in  helicopters  has  been  provided.  A 
side-arm  controller  design  based  upon  ergonomic  principles  has  been  developed.  A  viable  approach  and 
methodology  for  development  of  an  anti  vibration  seat  to  isolate  helicopter  pilots  from  vibration  has 
been  established.  The  limitations  of  the  conventional  passive  helicopter  seat  were  contrasted  against 
the  performance  potential  Inherent  In  an  active  antivibration  seat. 

The  high-performance  simulation  hardware  on  which  the  antivibration  seat  concept  is  based  was  then 
presented  along  with  a  description  of  the  development  plan.  Further  development  of  an  integrated 
seating/control  configuration  Intended  to  improve  pilot  performance,  safety  and  comfort  by  improving 
posture,  flexibility  and  vibration  Isolation  is  indicated. 
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Discussion 

klaveme 88,  MO:  Has  your  so-called  active  seat  boon  tasted  for  crashworthiness? 

VAN  vuet,  Chi  ht  this  point,  it  is  just  a  prototypal  but,  of  course,  crashworthiness  will  be 
one  of  the  qualifiers,  as  would  cold  taapersture  operation,  and  as  would  wany  other  fliqhtworthiness 
factors  f row  flight  acceptance  trials. 

KLAVEMBSS,  MO:  Is  there  a  collapsible  part  of  tha  construction? 

VAN  vliet,  CAi  There  are  a  nunber  of  safety  interlocks  in  the  design,  slwllar  to  the  ones  that 
we  use  on  our  notion  base.  In  fifteen  years  of  operation  with  our  notion  bases,  we  have  never  had  a 
catastrophic  failure. 
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